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Leveraging Molecular Dynamics to Validate Mechanisms of Bond 
Strength and Moisture Resistance in Asphalt Composites 

Dallas Little 
Texas A&M University, USA 

ABSTRACT: The composite that provides the major structural component of trillions of dollars of pavement 
infrastructure throughout the world is a complex blend of components. These include at a minimum the asphalt 
binder or bitumen and each mineral aggregate comprising both a larger, structural component and a smaller 
mineral filler component. The APSE distinguished lecture will describe how atomistic modeling provides a 
deeper understanding of how mineral fillers interact with the asphalt binder to form a robust, tough, and resilient 
mastic. Specifically, atomistic modeling validates experimental results that define how specific mineral fillers 
such as hydrated lime bond with specific asphalt moieties to form a stronger mastic with the ability to increase 
fracture toughness, aid damage recovery or healing and resist moisture damage. The atomistic modeling paints 
a picture of asphalt mastic comprising mineral filler ranging from only a few microns to as large as one hundred 
microns surrounded by a region of asphalt moieties bonded to the mineral inclusions. The moieties that interact 
with the calcium hydroxide filler, for example, introduce a “halo effect” surrounding the filler. This “halo re-
gion” can absorb and dissipate crack energy toughening the mastic and even control crack tip size to a level 
consistent with microcrack healing. The adsorption of specific moieties allows other moieties to migrate toward 
the interface with larger mineral aggregate inclusion and form a more tenacious and durable bond, more re-
sistant to debonding in the presence of moisture. Atomistic modeling supports decades of key research by ex-
perts at Western Research Institute, at Texas A&M and in France. The lecture also describes how free energies 
of dissociation are used to characterize the nature, strength, and durability of bonds. The atomistic modeling 
results correlate with thermodynamic calculations derived from experimental constants and are consistent with 
infrared spectrometric data. 



Digital Twin of the Road – Recent Advances, Potentials and Challenges 

Michael Kaliske 
TU Dresden, Germany 

ABSTRACT: The road infrastructure, which serves as a crucial foundation of our modern society, is currently 
facing various challenges, including increasing traffic and loads, damage and necessary maintenance, as well 
as the need to conserve energy and resources. Additional challenges are expected in the future due to mobility 
changes, autonomous driving, and climate change. To address these challenges, there is a strong demand for 
more sustainable and long-lasting roads, coupled with an optimized design and operational approach. On the 
other hand, the potential of digitalization has so far been rarely utilized in the design and operation of road 
systems. To tackle these issues, the interdisciplinary research center (SFB/TRR 339) hosted at TU Dresden and 
RWTH Aachen is currently focused on the development of a digital twin of the road. The presentation covers 
the recent research on the required sub-models and components, such as physical models for tire-road interac-
tion, data generation and collection from various sensors, the development of a geographic information system, 
and first approaches for linking available sensor data with corresponding models. 

Chemomechanics and Data-driven Modelling to Understand and Predict 
Paving Material Behaviour 

Katerina Varveri 
TU Delft, The Netherlands 

ABSTRACT: Advances in pavement engineering rely more and more on our ability to understand and predict 
the behaviour of complex material systems, including recycled, modified, and bio-based binders. At the same 
time, large volumes of experimental and field data are being generated and yet remain underutilised in the 
design and optimisation of infrastructure materials. 
This keynote speech highlights the importance of integrating chemomechanical understanding with data-driven 
modelling to improve the accuracy and reliability of performance predictions. By combining physical insights 
with statistical learning and uncertainty quantification, we can develop models that capture both performance 
trends and the underlying mechanisms of material behaviour. By bringing data and fundamental understanding 
together, we can go beyond characterisation, using this synergy to learn from materials more effectively and 
engineer systems that are more durable, circular, and resilient. 



1.1 
ADVANCES IN PAVEMENT ANALYSIS 

AND DESIGN METHODOLOGIES 



1 INTRODUCTION 

Known design methods assume a guided traffic 
flow. However, when traffic is distributed across the 
lanes, the load and consequently the resulting stress 
in the pavement structure is also distributed.  

For design purposes, generally only heavy goods 
vehicles are relevant. 

In general, it is assumed that the lateral distribution 
of vehicles depends primarily on the carriageway 
width and any potential ruts.  

To develop standardized lateral distributions for 
design methods, it is therefore necessary to first in-
vestigate whether there is a correlation between road 
characteristics and the qualitative behavior of lateral 
distributions. 

2 MEASURING SYSTEM 

To determine meaningful lateral distributions, it is es-
sential to accurately measure the position of the 
wheels of relevant vehicles. For this purpose, a suita-
ble measurement system was developed, which can 
be installed outside the carriageway without influenc-
ing the drivers.  

With the developed system, continuous measure-
ments were taken over a one-week period at each in-
vestigated section. Using this measurement system 
and the developed evaluation methodology, wheel 
positions within the lane cross-section can be deter-
mined with a resolution of 5 cm. 

3 TEST SECTIONS 

The test sections were only selected on straight sec-
tions of road (no curves, no built-up areas). In total, 
13 sections were evaluated, consisting of 11 asphalt 
and 2 concrete pavements. The sections were chosen 
to include different classes of lane widths and rut 
depths, each in accordance with the German regula-
tions (Figure 1, Table 1). Concrete pavements gener-
ally have no ruts and are typically used for wider, 
more heavily trafficked roads. 

Figure 1. Test sections depending on lane width and rut depth. 

Table 1. Classes of lane width and rut depth. 
Class Lane Width [m] Class Rut depth [mm] 

LW 1 < 2,50 RD 1 0 - 1,2 

LW 2 ≥ 2,50; < 2,75 RD 2 8,5 - 11,5 

LW 3 ≥ 2,75; < 3,25 RD 3 > 17

LW 4 ≥ 3,25; < 3,75 

LW 5 ≥ 3,75 

Effects of Heavy Vehicle Lateral Distribution on Pavement Service Life 

A. Blasl*1, T. Roggendorf*3, W. Uhlig*2, T. Kathmann*3, Alexander Zeißler*1

*1 Institute for Pavement and Urban engineering, Technical University of Dresden, Dresden, Germany
*2 Uhlig & Wehling GmbH Ingenieurgesellschaft, Mittweida, Germany
*3 DTV-Verkehrsconsult GmbH, Aachen, Germany

ABSTRACT: This paper presents selected results of an interdisciplinary research project (Uhlig et al. 2023) on 
the measurement and evaluation of the lateral distribution of heavy vehicles in dependence of lane width and 
rut depth, and the subsequent implementation of the analysed results in asphalt pavement design procedures to 
determine service life and failure rates according to the German design procedures. The following explanations 
focus on the influence of lane width and rut depth on the lateral distribution of heavy vehicles, the adaptation 
of known design procedures and finally the quantification of the effect of considering the lateral distribution on 
the calculated service life. 



4 LATERAL DISTRIBUTIONS 

In general, the lateral distributions were recorded sep-
arately for both front wheels and differentiated ac-
cording to single and dual tyres.  

In the next step, double-tyred wheels were as-
sumed to be single-tyred wheels before a distribution 
for both front wheels was determined for each of the 
13 test sections. 

Figure 2. Lateral distributions of heavy vehicles in cross-section; 
representation of relative values. 

Figure 3. Normalised lateral distributions of heavy vehicles in 
cross-section; representation of relative values. 

Roads of different widths generally represent dif-
ferent road categories. Consequently, the individual 
test sections differ significantly in terms of the num-
ber of heavy goods vehicles counted. Thus, for better 

comparison, normalized distributions are presented in 
Figure 2. Therefore, the sum of the frequencies under 
each graph is equal to one. The same color class rep-
resents the same carriageway width, while the same 
line type corresponds to the same rut depth. 

As the individual sections have different widths, 
the distributions are located differently in the cross-
section (x-coordinate). Consequently, in Figure 3, all 
distributions have been shifted so that their respective 
maximums are aligned at zero. This allows for better 
comparability. 

Figure 4. Normalised lateral distributions of heavy vehicles in 
cross-section; representation for the smallest lane width. 

Figure 5. Normalised lateral distributions of heavy vehicles in 
cross-section; representation for the mean lane width. 

Figure 6. Normalised lateral distributions of heavy vehicles in 
cross-section; representation for the largest lane width. 

A more detailed assessment of the graphs regard-
ing the influence of lane width and rut depth is pro-
vided in Figure 4 to Figure 6. Before the experimental 
plan was established, it was assumed that an increase 
in lane width would lead to a broader lateral distribu-
tion of vehicles, and that an increase in rut depth 
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would result in a narrower lateral distribution. How-
ever, both assumptions could not be confirmed. 

Surprisingly, the lanes with the smallest width 
show the widest distribution (Figure 4). This is due to 
the lack of road center markings on this type of road. 
An influence of the rut depth could not be determined 
at all. 

5 DESIGN PROCEDURE IN DEPENDENCE OF 
LATERAL DISTRIBUTION 

One of the most common forms of damage to asphalt 
pavements is cracking due to fatigue, occurring both 
from below and from above (Blasl, A. et al. 2021). To 
perform the fatigue proof in accordance with the Ger-
man regulations for any asphalt layers, the maximum 
tensile strain is decisive, independent of the layer 
type.  

In asphalt base layers, the maximum tensile strain 
occurs at the bottom of the base layer, directly be-
neath the load axis, i. e. under the wheel. In asphalt 
wearing courses, however, a maximum occurs on 
both sides of the wheel, which is also found just be-
low the surface. 

Figure 7. Fatigue status at the bottom of the asphalt base layer 
for different load positions. 

Valid design regulations for road pavements al-
ways consider the worst-case scenario. In other 
words, it is assumed that all vehicles in one lane use 
the same track (= same position in the cross section 
of a lane) and do not drive in different tracks. When 
vehicles use different tracks in the cross-section, the 
relevant design-related stresses shift accordingly. Re-
gardless of the position of a vehicle, for example, the 
same stress always occurs at the bottom of the asphalt 
base layer under the wheel. Therefore, for each load 
position or stress point, the same fatigue status is also 
determined. 

In Figure 7 und Figure 8, the fatigue status at the 
bottom of the asphalt base layer and in the asphalt 
wearing course, at the height of maximum strain, is 
shown for various load positions. Starting from the 
centre of a load application area, the strains decrease 

towards the outside. In the region of the asphalt wear-
ing course, a particularly rapid (steep) decline can be 
observed. 

Additionally, it can be seen that when considering 
different load positions in the cross-section, the indi-
vidual strains or fatigue statuses overlap (= crossing 
of the graphs). As a result, one observation point is 
stressed by several load positions. However, the indi-
vidual stresses must be weighted differently, accord-
ing to the frequencies of the lateral distribution of 
heavy traffic at that point, as shown in Figure 7.  

The weighted fatigue statues for a given observa-
tion point are then summed. The result is the fatigue 
status in the cross-section of the pavement, at any 
given height, which can then be converted into a ser-
vice life (Figure 9). 

Figure 8. Fatigue status in the asphalt wearing course at the 
height of maximum tensile strain for different load positions. 

Figure 9. Fatigue status and predicted service life at the bottom 
of the asphalt base layer due to lateral distribution (using lateral 
distribution in Figure 7, orange) and under the assumption of 
lane-guided traffic (black). 

Finally, it should be noted that discontinuous lines 
occur, when evaluating the calculated service lives 
for the asphalt wearing courses. These result from the 
strong changes in the strains next to the load applica-
tion area (Figure 8), combined with the measurement 
intervals of 5 cm. 

6 PAVEMENT SERVICE LIFE IN 
DEPENDENCE OF LATERAL 
DISTRIBUTION 

The overall objective was to incorporate universally 
applicable lateral distributions into design procedures 



and to quantitatively assess the effect of these distri-
butions. For this purpose, two clearly different cross-
distributions were initially identified (Figure 10). 
 

 
Figure 10. Selected normalised and shifted lateral distributions 
of heavy vehicles in cross-section. 
 

To model universal lateral distributions using es-
tablished mathematical distribution functions, vari-
ous approaches were explored. The Normal distribu-
tion and the Laplace distribution proved to be the 
most suitable. Figure 11 illustrates the fit of both dis-
tribution approaches to the lateral distributions shown 
in Figure 10. 

 

 
Figure 11. Normal and Laplace distributions of lateral distribu-
tions in Figure 10. 

 
The narrower a distribution is, i. e. the truer vehi-

cles drive in a lane cross-section, the better a meas-
ured lateral distribution can be modelled using a La-
place distribution. In this case, a Laplace distribution 
shows a better fit than a normal distribution. Broader 
lateral distributions, on the other hand, can usually be 
modelled very well using normal distributions. For 
the cases studied, if a normal distribution is suitable, 
a Laplace distribution can also be selected. 

Using the normal and Laplace distributions shown 
in Figure 11, this means the standardized lateral dis-
tributions, design life calculations were conducted. 
The resulting fatigue status and remaining service life 
at the bottom of the asphalt base layer and in the wear-
ing course (at the height of the maximum strain) were 
calculated. Figure 12 summarizes the results of the 

calculated service lives in the cross-section of a lane 
(grey and black). The results obtained when track-
guided traffic is assumed are also shown for compar-
ison (red and green). 

The influence of the type of distribution function 
used, Normal or Laplace, is largely negligible. 

 

 
Figure 12. Remaining service life under consideration of the 
Normal and Laplace distributions in Figure 11. 

 
However, taking the calculated universal lateral 

distributions into account the calculated service lives 
are increased by 25% to 100%. This effect should be 
taken into account when calibrating safety factors and 
other parameters within design procedures. 
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1 INTRODUCTION 

The primary advantage of mechanistic-empirical 
design procedures over the 1993 AASHTO Guide is 
its ability to allow pavement engineers to 
fundamentally analyze a variety of materials, loading 
conditions, and corresponding responses, rather than 
solely relying on observed pavement performance 
and ride quality. However, the accuracy of the 
Pavement ME method in estimating loading 
frequencies has been scrutinized in several studies 
(Al-Qadi et al., 2008a, 2008b; Losa & Di Natale, 
2012; Ulloa et al., 2013), largely due to its 
dependence on overly-simplified and inaccurate 
assumptions. 

To examine the loading time calculated by the 
Pavement ME method, Al-Qadi et al. (2008a) 
simulated vertical stress pulses with a 3-D finite 
element model by the Abaqus software, incorporating 
the viscoelastic properties of the AC material 
measured from the laboratory. This method defines 
the boundary of the loading duration by locating the 
instances at which the slope of the vertical stress pulse 
shifts from negative to positive. Then the loading 
frequency is calculated as the reciprocal of the 
loading time (f=1/t). Their research concluded that, 
relative to the proposed method, the Pavement ME 
method overestimates loading frequency by up to 
300% near the surface of the pavement layer, with 
both methods’ frequency estimates gradually 

converging as depth increases. Hu et al. (2010) 
simulated the vertical stress pulse based on the 
layered elastic theory and found that the loading 
duration is not only a function of the vehicle speed 
and depth of interest, but also a function of the moduli 
ratio between the layer of interest and the directly 
underlying layer. Al-Qadi (2008b) performed FFT 
(Fast Fourier Transform) for vertical stress pulses 
measured from the field testing and took the 
frequency values that corresponded to the centroid of 
area formed by the FFT amplitude curve as the 
dominant frequency of the pulses. These frequencies 
were then compared with those calculated by the 
Pavement ME method (f=1/t) and the angular 
frequency “f=1/(2πt)”. Results showed that the 
Pavement ME method exhibits errors from 40% to 
140% depending on vehicle speed and pavement 
depth. Losa & Di Natale (2012) developed a method 
to calculate equivalent loading frequencies for three 
directions (longitudinal, transverse, and vertical) 
using an iteration procedure without determining the 
loading time. The equivalent frequency is iteratively 
adjusted and employed to back-calculate the elastic 
modulus until the critical strains determined by this 
back-calculated elastic modulus converge with those 
obtained from dynamic viscoelastic analysis. The 
study by Losa & Di Natale (2012) suggests that the 
Pavement ME method generally overestimates 
loading frequencies, whereas Al-Qadi’s approach 
tends to underestimate them. Chen et al. (2024) 

Development of a Correction Method for the Current Pavement ME 
Methodology in Equivalent Loading Frequency Calculation 

P. Chen, K. Chatti & B. Cetin
Department of Civil and Environmental Engineering, Michigan State university, East Lansing, MI, USA 

ABSTRACT: The AASHTOWare Pavement ME Design uses linear-elastic analysis to simulate the strain 
responses under axle loadings, and it relies on equivalent loading frequencies to determine the representative 
elastic modulus of the asphalt concrete (AC) layer. The Pavement ME employs a highly simplified approach 
for calculating equivalent loading frequency, which often leads to an overestimation of these frequencies, 
particularly near the AC surface. This paper presents a simple correction method for the current Pavement ME 
method in loading frequency calculations based on two novel frequency calculation methods. The correction 
procedure is straightforward, computationally efficient, and readily implementable within the Pavement ME 
design software. The corrected loading frequencies are validated by calculating critical strains using these 
frequencies in three representative pavement structures under Michigan's climate conditions. The results 
indicate that the corrected loading frequency significantly enhanced the accuracy of vertical strain predictions, 
particularly at the shallow depth of the AC layer. 



comprehensively evaluated the accuracy of the 
Pavement ME method by comparing the Pavement 
ME method with two novel methods in terms of 
frequency and critical strains predicted by loading 
frequencies. The findings suggest that the Pavement 
ME significantly overestimates loading frequencies, 
consequently leading to an underestimation of 
vertical strain near the AC surface. However, it 
provides a reasonably accurate prediction of 
horizontal tensile strain at the bottom of the AC layer. 

This paper presents a correction method that 
addresses limitations in the Pavement ME approach 
for calculating equivalent loading frequencies. The 
proposed method is straightforward in its application 
and can be readily integrated into the Pavement ME 
design software.  

2 LIMITATIONS OF THE ORIGINAL 
PAVEMENT ME METHOD 

The original Pavement ME method transfers the AC 
layer into an equivalent layer with a different 
thickness (effective thickness) as a function of the 
ratio between the AC and subgrade moduli based on 
the revised Odemark’s method. Then it assumes the 
vertical stress pulse propagates linearly at 45 degrees 
within the transformed AC layer. Finally, the 
frequency is calculated as the reciprocal of the 
loading time, which is equal to the pulse width 
divided by the vehicle speed (ARA 2001).  

Three main flaws have been identified in the 
Pavement ME method (Hu et al., 2010; Chen et al. 
2024). Firstly, the frequency-time relationship of 
“f=1/(2t)” should be used, instead of “f=1/t”. 
Secondly, the vertical stress distribution slope is 
influenced by the ratio between the moduli of the AC 
layer and the layer immediately beneath it, typically 
the base layer, instead of the subgrade layer. In 
addition, the actual layer moduli should be used 
instead of generic values. Thirdly, the Pavement ME 
method always underestimates the pulse width near 
the surface of the AC layer. 

3 CORRECTION PROCEDURE 

The correction procedure addresses the three 
limitations of the original Pavement ME method 
through a two-stage approach, incorporating two 
novel methodologies proposed by Chen et al. (2024): 
the centroid of PSD (Power Spectral Density) and the 
Equivalent Frequency, respectively. The centroid of 
PSD method takes the weighted center under the PSD 
(equals the square of the Fourier amplitude) curve as 
the dominant frequency of the loading pulse. The 
Equivalent Frequency is determined by iteratively 
adjusting the frequency value until the responses 
obtained from linear-elastic analysis using these 

loading frequencies align with those produced by 
viscoelastic analysis.  

Twelve hypothetical cases with a combination 
of different vehicle speeds, AC thickness, stiffness, 
and temperature (Al-Qadi et al. 2008a, Chen et al. 
2024) are utilized to calculate the pulse width by the 
centroid of PSD method and the Equivalent 
Frequency method. Examples of vertical stress pulse 
widths obtained by different methods at mid-
temperature (25°C) for both thin and thick pavement 
are shown in Figure 1. 

 

 
Figure 1. Pulse width by Pavement ME, PSD method, and 
Equivalent Frequency. 

3.1 Stage I: Correction for Vertical Stress 
Distribution Slope 

The centroid of PSD method generally agrees well 
with the Equivalent Frequency except for near the AC 
surface. In stage one, the centroid of PSD method is 
used to derive the vertical stress pulse distribution 
slope along the depth as a function of the ratio 
between the moduli of the AC layer and the base 
layer. The centroid of PSD method does not calculate 
the pulse duration explicitly. Therefore, its pulse 
duration must be indirectly estimated using the time-
frequency relation of “f=1/(2t)” (Chen et al. 2024). 
As can be seen in Figure 1, the vertical stress 
distribution slope obtained by the centroid of the PSD 
method does not follow a linear trend. Instead, the 
profile exhibits a concave shape that can be 
characterized by two distinct slopes for the upper 
75% and the lower 25% of the AC layer thickness, as 
illustrated in Figure 2 (Chen 2024). 
  

 
Figure 2. Simplified vertical stress distribution slope by 
the centroid of PSD method. 



The average modulus of the AC layer, as 
calculated by Equation 1, ensures that when the 
modulus of each AC sub-layer is substituted with a 
uniform average value, the overall vertical strain 
remains unchanged. 
𝐸𝐴𝐶 = (

1

ℎ𝐴𝐶
∑ ℎ𝑖 ×

1

𝐸𝑖

𝑛
1 )

−1

                                         (1) 
   where: EAC is the average elastic modulus of the AC 
layer; hAC is the thickness of the AC layer; hi is the 
thickness of each sublayer; n is the number of 
sublayers; Ei is the modulus of each sublayer, which 
is a function of temperature and loading frequency 
calculated by the Pavement ME method. 

According to Odemark’s method, the gradient of 
the vertical stress distribution within the AC layer is 
linearly dependent on (EAC/EBase)1/3, where EBase is the 
modulus of the base layer. The slope derived from the 
centroid of PSD method (dashed lines in Fig. 2) is 
calculated and plotted against (EAC/EBase)1/3 for the 
twelve cases as shown in Figure 3. The trend line in 
Figure 3 demonstrates the linear relationship between 
the slope and (EAC/EBase)1/3.  
The base modulus across the twelve cases remains 
consistent at 207 MPa. To extend the relationship 
depicted in Figure 3 to other base moduli, twenty-four 
additional hypothetical cases, designated as cases 13 
through 36, were developed. These cases feature AC 
moduli ranging from 345 MPa to 6,895 MPa and base 
moduli ranging from 69 MPa to 689 MPa. The 
analysis results for cases 13 through 36 are presented 
in Figure 4, with the linear trend line coefficient 
closely aligning with that observed in Figure 3, 
suggesting that the modulus of the base layer exerts 
minimal influence on the slope of the vertical stress 
distribution. Consequently, the slope can be 
determined using Equation 2. 

𝑆𝑙𝑜𝑝𝑒 = (√
EAC

Ebase

3
)−1                                                     (2) 

Figure 3. Vertical stress pulse distribution slope versus the ratio 
between AC and base moduli (Cases 1 to 12). 
 

As previously noted, the stress pulse distribution 
slope by the centroid of PSD method comprises two 
distinct segments for the upper 75% and the lower 
25% of the layer thickness. An analysis similar to that 
illustrated in Figures 3 and 4 is conducted to 
determine the ratio (denoted as R75) between the 
actual pulse width at a depth corresponding to 75% of 
the AC thickness and the pulse width defined by the 

slope calculated by Equation 2 for cases 1 to 36. The 
results indicate that R75 roughly equals 1.35 times the 
quantity of (EBase/EAC)1/3. 

Once R75 is obtained, the stress pulse distribution 
slopes and the corresponding pulse widths can be 
easily calculated by Equations 3 to 6: 
𝑆𝑙𝑜𝑝𝑒1 =  

𝑆𝑙𝑜𝑝𝑒

𝑅75
= 0.741                                                  (3) 

𝑆𝑙𝑜𝑝𝑒2 =  
0.25

1 𝑆𝑙𝑜𝑝𝑒⁄ −0.75 𝑆𝑙𝑜𝑝𝑒1⁄
                                           (4) 

𝐿1 = 2 × (
ℎ

𝑆𝑙𝑜𝑝𝑒1
+ 𝑎𝑐)                                            (5) 

𝐿2 = 2 × (
ℎ−0.75ℎ𝐴𝐶

𝑆𝑙𝑜𝑝𝑒2
+

0.75ℎ𝐴𝐶

𝑆𝑙𝑜𝑝𝑒1
+ 𝑎𝑐)                       (6) 

where Slope is the uniform stress pulse distribution 
slope obtained from Equation 2; Slope1, L1 and 
Slope2, L2 are stress pulse distribution slopes and the 
corresponding pulse widths within the upper 75% and 
lower 25% of the AC layer thickness, respectively; h 
is the depth of interest; hac is the thickness of the AC 
layer; ac is the radius of the tire footprint. 

 

 
Figure 4. Vertical stress pulse distribution slope versus the ratio 
between AC and base moduli (Cases 13 to 36). 

3.2 Stage II: Correction for the stress pulse near 
the surface of the AC layer 

As can be seen from Figure 1, the pulse width 
determined using the centroid of the PSD method is 
considerably shorter than that obtained through the 
Equivalent Frequency method at the AC surface. 
However, this discrepancy diminishes progressively 
with increasing depth, and the pulse widths 
determined by these two methods tend to converge at 
a depth of approximately 65 mm regardless of 
pavement structures (Chen 2024). The pulse widths 
derived from Stage I must be refined by applying 
correction factors specifically for the upper 65 mm of 
the AC layer as defined in Equation 7. 
𝐶𝐹 = (𝐿𝑒 − 𝐿1)/(2 × 𝑎𝑐)                                         (7) 

where CF is the correction factor; ac is the radius 
of the tire-pavement contact footprint; Le is the pulse 
width determined by the Equivalent Frequency. The 
correction factor reaches its maximum value at the 
AC surface and decreases linearly until it reaches zero 
at a depth of 65 mm. The correction factor is also 
affected by the modulus of the AC layer, though it 
exhibits significantly less sensitivity compared to the 
pulse distribution slope. A similar analysis to that 



depicted in Figure 2, as conducted by Chen (2024), 
indicates that the correction factor at the surface is 
proportional to the logarithm of the AC modulus. The 
correction factor, within the top 65 mm of the AC 
layer can be calculated by Equations 8 and 9: 
𝐶𝐹𝑚𝑎𝑥 = 0.62 × log(145 × 𝐸𝐴𝐶)    (8)

𝐶𝐹 =
−𝐶𝐹𝑚𝑎𝑥

2.5
ℎ + 𝐶𝐹𝑚𝑎𝑥    (9) 

where CFmax is the correction factor at the surface 
of the AC layer; EAC is the average AC modulus in 
MPa.  

By applying the correction factor, the pulse width 
and loading frequency for the corrected Pavement 
ME method can be determined using Equations 10 
and 11, respectively: 
𝐿𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐿𝑖 + 𝐶𝐹 × 2𝑎𝑐   (10) 

𝑓𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
1

2×𝐿𝑐𝑜𝑟𝑟𝑒𝑐𝑡/𝑉
  (11) 

where Lcorrected is the pulse width of the corrected 
Pavement ME frequency method; Li (i = 1, 2) is the 
pulse width calculated by Equations 5 or 6; and V is 
the vehicle speed. 

4 VERIFICATION OF THE CORRECTED 
PAVEMENT ME LOADING FREQUENCY 

The corrected Pavement ME loading frequency 
calculated by Equation 11 is verified by comparing 
critical strains predicted by linear elastic analysis 
using these frequencies with those obtained from 
dynamic viscoelastic analysis. The simulation 
scenarios involve three hypothetical pavement 
structures located in the climatic conditions of East 
Lansing, Traverse City, and Detroit, Michigan, 
subjected to a 16-ton tandem-axle load traversing at a 
velocity of 96 km/h. Two temperature quintiles from 
July were selected for analysis, as July represents the 
hottest month of the year, thereby reflecting the most 
critical conditions for pavement responses. 

As shown in Figure 5, the corrected loading 
frequency substantially improved the prediction of 
vertical strain at the shallow depth of the AC layer, 
closely aligning with viscoelastic analysis results 
within Quintile 5 (highest temperature) across all 
three pavement structures. The effect of the corrected 
loading frequency on improving vertical strain 
prediction is less evident in Quintile 1, which is of 
lower criticality for pavement responses, as it 
represents the lowest temperature in July. In 
summary, the correction procedure markedly 
enhances the accuracy of the Pavement ME method 
in predicting vertical strains near the AC surface. 

Figure 5. Vertical strains predicted by different methods (a) 
Quintile 1 of July for East Lansing climate; (b) Qquintile 5 of 
July for East Lansing climate; (c) Quintile 1 of July for Traverse 
City climate; (d) Quintile 5 of July for Traverse City climate; (e) 
Quintile 1 of July for Detroit climate; (f) Quintile 5 of July for 
Detroit climate. 
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1 INTRODUCTION 

1.1 Background 
The service life of flexible pavements is influenced 
by a large number of factors, including traffic load-
ing and pavement temperatures. In recent studies, 
pavement solar collectors (PSCs) have been used to 
reduce the temperature variations that asphalt pave-
ments are subjected to. A PSC consists of a pipe 
network embedded in the pavement through which a 
fluid at a certain temperature is pumped. During the 
warm months, cool water runs through the pipes to 
simultaneously extract heat from the pavement and 
cool down the asphalt. In winter, warm water heats 
up the surface, aiding in removing snow and ice. In 
doing so, extremely high or low surface tempera-
tures can be reduced as well as temperature varia-
tions between day and night. These repetitive ther-
mal cycles cause temperature-induced stresses and 
may result in thermal fatigue cracking (Bayat et al., 
2012). Additionally, high temperatures in the pave-
ment are unwanted as they contribute to the urban 
heat island effect (UHI) and increase the risk of 
permanent deformation (Abu El-Maaty, 2017, 
Mallick et al., 2009). This paper focusses on the 
benefit of reducing pavement temperature in the 
warm season.  

1.2 Pavement solar collector 
A PSC involves a pipe network that is embedded in 
a flexible pavement in a serpentine pattern. Figure 1 
depicts an overview of a PSC prototype.  

 

 
Figure 1. Schematic view of PSC prototype on Campus 
Groenenborger, University of Antwerp, Belgium (taken from 
(Ghalandari et al., 2023)) 

 
The performance of the system depends on sever-

al boundary parameters. The most influential are 
pipe depth, pipe length, pipe spacing, pipe diameter, 
the inlet temperature of the fluid, and the flow rate 
(Saleh et al., 2020). This paper investigates pipe 
length and depth. Pipes placed closer to the surface 
result in a more significant reduction in surface tem-
perature, while pipes placed deeper have a smaller 
impact on surface temperature, but create a down-
ward shift in the temperature profile. The pipe length 
influences both the efficiency of the system and the 
temperature reduction. With a shorter pipe length, 
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ABSTRACT: This paper investigates the impact of pavement solar collectors (PSCs) on the service life of 
flexible pavements. While previous studies have focused on heat extraction and mitigating the urban heat is-
land effect, little research has been conducted on the mechanical response of a flexible pavement considering 
the presence of a PCS and the resulting temperature change. This study focuses on two key parameters: pipe 
depth and pipe length, which are assessed in terms of service life. The findings show that pipe length has a 
more pronounced influence on service life than pipe depth. Shorter pipe lengths increase temperature reduc-
tion during the warm season and improve service life. This study concludes that PSCs can extend the service 
life of flexible pavements by reducing extreme surface temperatures. 



both the cost and input energy per square meter are 
higher; however, the temperature reduction is larger 
than in the case of longer pipe lengths. 

2 OBJECTIVE AND SCOPE 

The main objective of this research is to investigate 
how the performance of a pavement solar collector 
affects the service life of an asphalt pavement in 
terms of load-induced fatigue cracking. Specifically, 
the pipe length and depth are examined. The pave-
ment structure that is used for the calculations is pre-
sented in Figure 2. This is a thin structure that is im-
plemented for lightly loaded roads, like bicycle 
paths or local roads. 

Figure 2. Pavement structure and material properties 

3 PSC SETUP AND THERMAL MODELING 

Finite element (FE) models were used to predict 
pavement temperatures for the different PSC scenar-
ios (Ghalandari et al., 2023). The geometry of the 
pavement in the models is presented in Figure 3. The 
pavement consists of six connected sections. Each 
section has a surface area of 7.65 m² (1.80 m x 
4.25 m) and contains 50 m of embedded pipes. With 
six adjacent sections, the total surface area of the 
pavement is 45.9 m² (4.25 m x 10.80 m) and the to-
tal pipe length is 300 m. This study investigates pipe 
lengths of 50 m, 150 m and 300 m. In addition to the 
PSC model, a reference structure without a PSC is 
modeled. 

Figure 3. Plan view of pavement solar collector 

4 SERVICE LIFE ASSESSMENT 

The calculation of service life consists of several 
steps. The first step is to analyze the temperature da-
ta resulting from the FE models and create group-
ings. A time resolution analysis was performed, 
where the findings indicated that temperature data 
can be grouped in 3-hour intervals without negative-
ly affecting the accuracy of the results. Secondly, 
pavement temperatures are used to calculate the 
stiffness of the asphalt mixtures. To determine this, 
the master curves of the surface and base layer are 
needed. The following master curve equation (Eq. 1) 
is used (AASHTO, 2013) based on the parameters 
listed in Table 1.   

 (1) 

where E* = dynamic modulus [MPa]; f = frequency 
(10 Hz for this analysis); Tr = reduced temperature 
(15°C in this case); T = asphalt temperature [°C]; α, 
β, γ, δ = shape factors of sigmoidal function; a1, a2 = 
fitting parameters of time-temperature shift function. 

Table 1.  Master curve parameters ______________________________________________
Factor AC-10 surf AC-20 base                                                       
α 5.2546 4.3894 
β -2.0299 -2.5447
γ -0.3342 -0.3938
δ -0.7036 0.2448
a1 0.1524 0.1465
a2 0.0014 0.0014

Consequently, the Layered Elastic Theory Stress-
Strain calculator embedded in the Rubicon software 
is implemented to calculate stress, strain, and deflec-
tion in the pavement (Rubicon, 2024). Here, a multi-
layered linear elastic analysis of the pavement struc-
ture shown in Figure 2 is performed. The service life 
is calculated in terms of load-induced fatigue crack-
ing. For this calculation, the horizontal tensile strain 
at the bottom of the asphalt base is needed. The 
damage ratio is based on Miner’s rule and is defined 
as the ratio of the number of 100-kN axles applied 
on the pavement to the number of cycles that the 
pavement can withstand for fatigue cracking (Nf,f) 
before failure (Eq. 2). 

(2) 

where Nf,f = number of cycles the pavement can 
withstand before failure due to fatigue cracking and 
εt = horizontal tensile strain measured at the bottom 
of the asphalt base. 

Based on this, the damage ratio (DR) is calculated 
following Equation 3.  

(3)



Equation 4 is used to calculate service life (SL) 
from damage ratio. 

(4) 

In order to compare the scenarios with a PCS to the 
reference section, this paper will not evaluate the 
damage ratio or service life. Instead, a Service Life 
Factor (SLF) will be calculated according to Equa-
tion 5. 

(5) 

where SLFx = service life factor of PSC scenario x; 
SLx = service life of PSC scenario x [years] and 
SLNo PSC = service life of pavement without PSC 
[years].  

To clarify, if the SLF of a specific scenario is 2, 
the service life of that section is twice as long as that 
of the reference section. The SLF of the reference 
section is always 1, and therefore not included in the 
results below. 

5 RESULTS 

The results in Figure 4 indicate that the SLF 
ranges from 1.53 to 2.37 for all considered scenari-
os. This means that the implementation of a PSC can 
extend the service life by at least 50% and in the best 
case, even more than double it.  

An increase in pipe length results in a lower ser-
vice life factor. This is due to the fact that longer 
pipe lengths cause a smaller change in the average 
pavement temperature. 

With an increase in pipe depth, the service life 
first increases slightly, and then decreases again. The 
highest service life is found at a pipe depth of 6 and 
8 cm, although the difference between the results at 
4, 6 and 8 cm is very minor. SLF is the lowest at a 
pipe depth of 10 cm. This can be explained by the 
fact that the temperature in the pavement is reduced 
less for this pipe depth with pipes installed closer to 
the surface.  
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Figure 4. Results service life factor for multiple pipe depths 
and lengths 

The mean temperature profile over the depth of 
the pavement of all measurements in the months 
May through August is presented in Figure 5. This 
figure clearly shows the temperature reduction re-
sulting from the application of a PSC. It also shows 
how a pipe depth of 10 cm has the smallest tempera-
ture reduction over most of the thickness. A higher 
pavement temperature brings a lower stiffness, a 
larger deformation and thus, a higher damage accu-
mulation. 

0

20

40

60

80

100

120
16 18 20 22 24

De
pt

h 
[m

m
]

Temperature [°C]

No PSC
4 cm
6 cm
8 cm
10 cm

Figure 5. Mean temperature profile for the months May 
through August for a pipe length of 50 m 

6 CONCLUSIONS 

This study demonstrates that Pavement Solar Collec-
tors (PSCs) are an effective method for extending 
the service life of flexible pavements by reducing 
pavement temperatures during the warm season. By 
examining varying pipe lengths and depths, the re-
sults highlight that pipe length has a more pro-
nounced influence on the results than pipe depth. 
Shorter pipe lengths realize greater reductions in sur-
face temperature and lead to improved service life. It 
is important to note that shorter pipe lengths also 
have a higher operational cost of the system. A cost-
benefit analysis could therefore provide more insight 
into the optimal configuration. 

The impact of pipe depth is less obvious. The op-
timal pipe depth is found to be 6-8 cm. Deeper in-
stallations have a smaller temperature reduction and 
therefore, result in a smaller improvement in service 
life.  

 Overall, the implementation of a PSC can ex-
tend the service life of an asphalt pavement by a fac-
tor of more than 2 in the cases with the shortest pipe 
length. Even in the worst configurations presented in 
this paper, the service life is still improved by 50%.   

Global slippage or global failure of the section 
due to the presence of the pipe network is out of the 
scope of the study. Measures have been proposed for 
reducing the chance of global slippage by, for exam-
ple, installing the pipes on a grid that stiffens the in-



terface. Further analysis of additional distresses, like 
rutting in the asphalt mixtures, along with the use of 
more sophisticated material models are recommend-
ed in future work.  
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1 INTRODUCTION  
 
There have been several studies and reports in recent 
years documenting problems with severe raveling in 
Kuwait. This problem was compounded following 
heavy rainy seasons (Ahmed et al. 2021). Almutairi 
and Alfadhli (2023) attributed such distresses to a 
combination of factors, including lack of quality 
control during construction, poor mixture design in 
terms of low bitumen (or asphalt binder) content and 
high air voids, unregulated axle loading, and rain in-
tensities higher than the typical rates recorded in 
previous years.  A review of several investigation 
reports by government committees highlighted poor 
quality control and using a thin open graded asphalt 
wearing course mix type known as Plant Mix Seal 
(PMS), described in section 409 of Kuwait Specifi-
cations (Ministry of Public Works Administration 
2012).  The PMS mixture composition is shown in 
Table 1.  This mix has a higher bitumen content than 
other mixture designs in Kuwait and the region.  It is 
also specified to have a minimum air void of 15%, 
which is very high for hot climate regions that do not 
typically have high rain intensities. Some of the 
technical committees the Ministry of Public Works 
formed indicated existing mixtures did not incorpo-
rate antistrip additives, weakening the resistance to 
moisture damage in heaving rain seasons.  The 
committees also highlighted inadequate quality con-
trol processes at the asphalt plants and during con-
struction. 

Additionally, Kuwait Institute for Scientific Re-
search conducted a study to evaluate prevalent as-

phalt pavement maintenance practices (Al-Owmi et 
al., 2024). This study identified several gaps, such as 
the lack of a comprehensive local maintenance and 
rehabilitation guide, inadequate machinery calibra-
tion, and limited personnel certification programs. 
The outcomes of this study highlighted the need to 
adopt international standards to enhance local 
maintenance practices and pavement management 
systems to improve quality and durability in Ku-
wait’s pavements.  

 
Table 1: Composition of Plant Mix Seal, extract from Kuwait 
General Specifications 2012 (Ministry of Public Works Admin-
istration 2012). 

 
 

 
 
 
 
 

 
 
2 OBJECTIVES  
 

The primary objectives of this preliminary study 
were to:  

  Conduct a gap analysis of the various technical 
factors that may have contributed to Kuwait's 
poor performance of asphalt pavements. 

 Review current specifications used in Kuwait 
and recommend improvements to various as-
pects of material selection, testing, quality 
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ABSTRACT: This paper documents the findings of a study conducted by the Kuwait Institute for Scientific 
Research (KISR) to identify primary factors contributing to low ride quality, performance, and durability of 
asphalt pavements in Kuwait. The study was motivated by the initiation of major rehabilitation and recon-
struction projects that aim to rectify major distresses in asphalt pavements. The study conducted detailed gap 
analysis of factors that have potential to adversely affect the performance of asphalt pavements in Kuwait. 
Consequently, the study outlined the main elements of a roadmap that aims to improve specifications, material 
selection, mixture design, mixture testing, mixture production, construction operations, evaluation, preserva-
tion and rehabilitation techniques. 



control/acceptance, construction specifica-
tions, and rehabilitation practices. 

 Outline the main elements of a roadmap to
improve asphalt pavement design, construc-
tion operations, and performance.

3 GAP ANALYSIS OF MATERIAL 
SPECIFICATIONS 

Following the significant problems of raveling in 
Kuwait in winter 2018, the Ministry of Public Works 
adopted Qatar Construction Specifications (QCS), 
issued in 2014.  This decision was motivated by the 
fact that specifications in Qatar have been subjected 
to major reviews and updates. However, this study 
concluded that the QCS requires an update given the 
experiences and developments in the past decade.  
The main issues that require updates are: 

• The Marshall design specifications in QCS have
restrictive gradation bands and relatively low
binder contents. The aggregate gradation bands
should be wider (less restrictive than the current
bands) to facilitate more flexibility in achieving
a balanced mix design. Consequently, more sig-
nificant benefits from the properties of polymer-
modified binders (PMBs) in terms of resistance
to rutting can be expected while simultaneously
achieving better resistance to fatigue cracking
and thermal aging).

• QCS 2014 specifies polymer-modified binders
(PMB) with grades of PG76S-10, PG76H-10,
PG 76V-10, and PG 76E-10 based on AASHTO
M332.  This temperature grade is suitable for
Kuwait's climatic conditions.  Recently, MPW-
Kuwait specified using PG 76H-10 for high-
ways and other heavily trafficked roads (Minis-
try of Public Works 2307-2019).  This recom-
mendation is a major improvement since
existing pavements in Kuwait were constructed
primarily using unmodified asphalt binders (Pen
60/70, equivalent to PG 64-10).

• QCS has Quality Control (QC) specifications
for relative density and in-place air voids.  Rela-
tive density relates the density of the field core
to the density of laboratory-compacted speci-
mens of mixtures taken from the field.  The
specimens are compacted using the design
number of blows in the Marshal method or the
design number of gyrations in the Superpave
method.  Including both criteria (relative density
and in-place air voids) could lead to conflicting
results. Also, using relative density can lead to
high air voids in the pavement that will nega-
tively affect performance. It is therefore rec-
ommended that only percent air voids be used
instead of relative density.

• The specifications of the Superpave mix design
criteria require 125 gyrations for compaction

under high traffic conditions (> 30 million 
ESLAs), which has generally led to dry mixes 
with low bitumen content. Lowering the gyra-
tion levels for high traffic is recommended to 
design more durable mixes. 

• The QCS specifications do not include tests to
achieve a balanced mix design between crack-
ing and rutting resistance.  It is recommended
that mixture tests and associated specifications
be included. This will lead to a more balanced
mixture design. Figure 1 includes initial rec-
ommendations based on experiences gained in
the performance of roads in regions in the Unit-
ed States with hot climatic conditions in the
United States. Adopting such characterization
tests will promote a more balanced mixture de-
sign that achieves improved resistance to both
cracking and rutting.  These specification limits
will need to be updated based on tests conduct-
ed on mixtures in Kuwait.

• Current specifications do not sufficiently cover
the design of recycled asphalt pavements. In ad-
dition, the specifications must include guide-
lines and procedures for evaluating the perfor-
mance of asphalt mixtures that include recycled
materials.

• It is recommended that the Superpave mix de-
sign criteria be adopted as the preferred meth-
odology, which would increase bitumen content
relative to current Marshall mixes. The increase
in bitumen content combined with the use of PG
76-10 grade PMB and a strong aggregate struc-
ture will contribute to achieving a balanced mix
design as part of the Superpave mix design
framework.

Figure 1. Preliminary recommendations for performance tests 
and criteria. 



4 RECYCLED ASPHALT PAVEMENTS 

Incorporating RAP into the hot mix production 
process is cost-effective and environmentally friend-
ly. Specifically, RAP saves money in areas where 
high-quality aggregates are scarce or importing vir-
gin aggregate is more expensive. Using RAP in re-
habilitation and new pavement construction can also 
reduce the demand for landfills.  

The study developed guidelines for RAP stockpil-
ing, management, and plant processing to maximize 
its use.  Multiple techniques exist to introduce RAP 
into the hot mix batch facility. The optimum process 
will vary depending on the condition of the RAP, the 
percentage to be added, and the plant layout. Minor 
variations to plant operations can achieve a 30% 
RAP mix addition; however, it will require some 
changes in the plant configuration. Even higher per-
centages can be achieved with significant changes to 
the plant.  

Given the low bitumen content in the current 
Kuwaiti Marshall mixtures, it is recommended that 
the RAP content in the current mixes does not ex-
ceed 20% by weight. RAP used in small quantities 
only requires minor modifications to the asphalt mix 
design and moderate adjustments to production pro-
cesses while providing economic and environmental 
benefits. Including more than 20% RAP in batch 
plants would require some modifications to control 
the RAP temperature and mixing of RAP and virgin 
aggregates. It is recommended that the Superpave 
mixture design process be used to accommodate a 
higher RAP content. With time and experience, the 
RAP percentages can be increased to enhance eco-
nomic and environmental benefits. 

5 QUALITY ASSURANCE SYSTEM 

The Quality Assurance (QA) system in the cur-
rent QCS does not include clear and specific desig-
nation of responsibilities for quality control (QC), 
acceptance (A), and Independent Assurance (IA) op-
erations. AASHTO R10 and AASHTO R42 guide-
lines are recommended for developing a QA/QC sys-
tem and assigning responsibilities. Quality 
acceptance (A) must be included in the specifica-
tions. These tests would be at less frequency than the 
QC program.  The recommended lot size per layer 
for the base course is a minimum of 2000 tons and a 
maximum of 4000 tons, with one test per 500 tons.  
The lot size for the wearing course is a minimum of 
1000 tons and a maximum of 2000 tons, with one 
test per 250 tons.   

The recommended specifications include specific 
material tests and tolerances. Adopting a statistical 
approach for analyzing Quality Control and Quality 
Acceptance data is also recommended. Such an ap-

proach will encourage the implementation of 
measures to reduce variation, which can also help 
output to remain within the specification limits.  The 
concept of percent within limits (PWL) is highly 
suitable for data analysis and relating the results to 
pay factors for each lot.   

6 ASPHALT PAVEMENT EVALUATION 

Kuwait employs a process for evaluating asphalt 
pavement conditions based on ASTM D6433, which 
evaluates the Pavement Condition Index (PCI). The 
PCI is determined using visual surveys, which is 
similar to the distress identification manual by the 
long-term pavement performance program (Miller 
and Bellinger 2014). Automated surveying systems 
that incorporate cameras and lasers for pavement 
evaluation are needed. 

It is not sufficient to assess only visual surface 
conditions to decide on the extent and severity of 
distress and damage in various layers and then sub-
sequently select the proper optimum rehabilitation 
method. Lack of structural evaluation raises the risk 
of placing overlays on damaged layers, which is not 
a suitable strategy as damage will develop rapidly 
due to the existing damaged underlayers. 

The study developed guidelines for using a com-
bination of nondestructive evaluation methods (Dy-
namic Cone Penetrometer (DCP), Falling Weight 
Deflectometer (FWD), Ground-Penetrating Radar 
(GPR), roughness profilometers, and skid resistance 
and destructive methods (trenching and coring) 
should be used to assess the conditions of asphalt 
pavement layers. 

7 ASPHALT PAVEMENT PRESERVATION 
TREATMENTS AND REHABILITATION 

The study additionally developed guidelines for 
preservation treatments and rehabilitation of asphalt 
pavements. As defined by Hall et al. (2001), “pave-
ment rehabilitation is defined as a structural or func-
tional enhancement of a pavement that produces a 
substantial extension in service life by substantially 
improving pavement condition and ride quality. 
Pavement maintenance activities, on the other hand, 
are those treatments that preserve pavement condi-
tion, safety, and ride quality, and therefore aid a 
pavement in achieving its design life.” The term 
pavement preservation is used in the literature to re-
fer to preventive maintenance and some forms of 
minor rehabilitation and corrective maintenance 
(Peshkin et al. 2011).  

Hall et al. (2001) categorize rehabilitation treat-
ments to the “4 Rs”– restoration, resurfacing, recy-
cling, or reconstruction. Some Certain types of 
treatments may be carried out as part of a restoration 
or resurfacing effort.  The guidelines developed in 



this study include the classification of various activi-
ties under maintenance and the 4Rs of rehabilitation, 
as shown in Table 2.  Also included are guidelines 
for the various preservation and rehabilitation strate-
gies depending on the type and severity of distress, 
as shown in Table 3. 

Table 2. Classification of Different Pavement Treatments Un-
der Preventive Maintenance and Rehabilitation. 
Pavement Activity Preventive 

 M
aintenance 

Rehabilitation 

R
estoration 

R
esurfacing 

R
ecycling 

R
econstruc-

tion 

Structural Overlays X X 
Functional) Overlays X X 
Thin Overlays X 
Crack Sealing X X 
Fog Seal X X 
Slurry Seal X X 
Chip Seal X X 
Microsurfacing X 

Table 3.  Guidelines for Using Surface Treatments Based on 
Distress Type and Severity Level. 

8 CONCLUSIONS 

This paper documents the primary outcomes of a 
strategic initiative to develop a comprehensive 
roadmap for asphalt pavement improvements in the 
State of Kuwait.  The focus is creating practical, 
long-term solutions to improve construction quality, 
rehabilitation, and maintenance practices. The de-
velopment of this roadmap began with identifying 

gaps in the current system, including technical, oper-
ational, and procedural shortcomings. Subsequently, 
the team developed a roadmap with specific deliver-
ables and action items. 
 Gap analysis with action items for improvements.
 Improved specifications for asphalt materials and

construction methods.
 Guidelines for asphalt pavement evaluation, reha-

bilitation, and maintenance operations.
 Processing, stockpiling, and managing Recycled

Asphalt Pavements (RAP) and a customized de-
sign procedure for asphalt mixes containing RAP.

 Establishment of training and certification pro-
grams for engineers and technicians.

 Integration of advanced technologies for real-time
quality control and pavement assessment.
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1 INTRODUCTION 

The standards for pavement structures for urban and 
rural roads in Germany are set out in the Guidelines 
for the standardisation of pavement structures of traf-
fic areas (RStO 2012). These designs are based on re-
search findings, calculations to estimate the perfor-
mance of various pavement structures, and 
construction experience. For pavements with an as-
phalt surface course, the RStO 2012 offers a variety 
of base and subbase alternatives, such as asphalt base, 
cement stabilised base, crushed stone and gravel lay-
ers. 

Currently, RStO 2012 does not include Bitumen-
Stabilised Materials (BSM), which has not yet been 
implemented on a large scale in the German market. 
In response to the increasing interest in BSM in Ger-
many and its globally demonstrated financial and en-
vironmental benefits, BSM base layers are being in-
vestigated as a cold recycling alternative. 

2 WHAT IS BITUMEN STABILISED 
MATERIAL 

BSMs are non-continuously bound materials com-
posed of either 100% reclaimed asphalt pavement 
(RAP) material, graded crushed stone (GCS) or a 
blend of both, and treated with foamed bitumen or bi-
tumen emulsion. The material is treated with a maxi-
mum of 1% active filler (hydrated lime or cement) 
and 1.8% - 2.2% bitumen to produce a material that 
performs similarly to a granular material in a pave-
ment structure. BSM is a cost-effective approach to 

pavement rehabilitation while reducing energy con-
sumption and, as a result, CO2 emissions. 

The failure mechanism of the BSM layer is perma-
nent deformation, which only requires resurfacing to 
ensure the road’s appropriate serviceability.  

2.1 The behaviour of BSM 
BSM behaves similarly to unbound granular materi-
als but with considerably better cohesion and reduced 
moisture sensitivity. In contrast to hot-mix asphalt, 
bitumen is distributed among the finer particles in a 
BSM, leaving the larger particles uncoated. The bitu-
men-rich mortar created between the coarse particles 
improves cohesion but has little influence on the in-
ternal friction angle. 

The dispersed bitumen's visco-elastic properties 
provide BSM with its flexural strength and stiffness. 
The BSM maintains the granular properties of the 
parent material since the coarser aggregate remain un-
coated and the individual bitumen particles are not 
connected. Therefore, since the stiffness is stress de-
pendent, BSM is not susceptible to fatigue cracking 
(Sabita, 2020). 

2.2 The benefits of BSM 
There are several advantages to recycling with BSM, 
such as an environmentally friendly approach, early 
trafficking following compaction that reduces traffic 
interruptions, and a significant decrease in heavy con-
struction site’s traffic (Sabita, 2020).  
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2.3 Foamed bitumen 
When water is injected into hot bitumen, a spontane-
ous foaming reaction occurs, resulting in foamed bi-
tumen. The injected water quickly vaporises when it 
encounters hot bitumen, producing a large number of 
tiny bubbles that momentarily change the bitumen's 
physical characteristics. This foaming process occurs 
in an expansion chamber, where bitumen and water 
are injected under high pressure. The foam generated 
is inherently unstable and typically collapses within 
one minute. 

During the mixing process, the bitumen bubbles 
burst, creating small bitumen splinters that disperse 
throughout the aggregate mix. These splinters adhere 
to the fine particles, forming a mastic. During com-
paction, the bitumen particles within the mastic are 
physically pressed against the larger aggregate parti-
cles, forming localized, non-continuous bonds (Wirt-
gen, 2012). 

2.4 Permanent deformation of BSM 
The material experiences both plastic strain and elas-
tic strain during a load cycle (Theyse, 2007). Re-
peated loading causes unbound granular materials 
and BSM to deform due to the accumulation of resid-
ual plastic strain that remains after each load cycle.  

3 MECHANISTIC-EMPIRICAL DESIGN STEPS 

3.1 BSM design approach 
The design process for pavements incorporating BSM 
is essentially the same as for all other pavement struc-
tures. Firstly, the structural capacity (traffic load 
class) is determined, and construction material avail-
ability is established. The existing pavement structure 
and environmental implications are both considered 
when rehabilitating carriageways. To classify the var-
ious materials, including the material that will be bi-
tumen stabilised, site investigations and laboratory 
testing are conducted.  

Further investigation and testing are necessary for 
rehabilitation projects that consider in-situ recycling 
of the existing pavement. The material's shear prop-
erties and BSM classification must be determined by 
treating it with suitable active filler and bitumen sta-
bilising agent.  

In order to determine a cost-effective mix and en-
sure reliable performance, a BSM mix design is per-
formed. This process consists of material sampling 
and characterisation, followed by mixing, compac-
tion, curing, and testing to determine the optimum ac-
tive filler and bitumen application rate (Sabita, 2022). 
Table 1 provides the minimal requirements for Indi-
rect Tensile Strength (ITS) tests.  

3.2 Design for permanent deformation in BSM 
Traditional European and North American design 
philosophies solely evaluate the base layers and sur-
facing, ensuring the subgrade has sufficient cover to 
prevent deformation under load and protect the pave-
ment layers from frost damage.  

When unbound granular materials or BSM are ap-
plied as base or subbase layers in a pavement struc-
ture, it is imperative to determine the long-term per-
manent deformation of the layer as greater shear 
stresses on the pavement layers higher up in the struc-
ture result in significant plastic strain. The stress con-
ditions within the layer are consequently examined 
while modelling a pavement with a BSM base layer. 

The principal stresses in the BSM, along with the 
predetermined material properties, are used to calcu-
late the ratio of applied stresses to the maximum fail-
ure stress. The calculated deviator stress ratio, com-
bined with the material's density and moisture 
resistance properties, helps to estimate the number of 
allowable load repetitions that the layer can withstand 
before reaching the terminal level of permanent de-
formation. The calculation of load repetitions to fail-
ure is performed using a Mechanistic-Empirical de-
sign approach, which relies on established material 
properties and data from extensive long-term pave-
ment studies (Sabita, 2020).  

4 DESIGN INPUTS FOR THE GERMAN COLD 
RECYCLED PAVEMENT CATALOGUE 

The proposed pavement structures incorporating 
BSM were designed to be equal to the standard struc-
tures in RStO 2012. Therefore, the asphalt base 
course was replaced with a BSM base layer that pro-
vides the required structural capacity. The pavement 
structures were analysed in Rubicon Toolbox® using 
Linear Elastic Theory. The input parameters of each 
layer as well as the results of the analysis were based 
on the South African Mechanistic Pavement Design 
Method (SAPDM) transfer functions. 

BSMs are designed utilising the material's shear 
properties, the focus is on the angle of friction and 
cohesion of the material. Table 1 below indicates the 
minimum specification limits for BSM and imple-
mented in the Rubicon Toolbox® analysis. 
 
Table 1. Minimum specification limits for BSM 

Class RAP  
(%) 

ITS  Triaxial 

ITSDRY 
(kPa) 

ITSWET 
(kPa) 

Cohesion 
(kPa) 

Friction  
Angle (°) 

Retained 
Cohesion 

(%) 

BSM  < 50 225 125 250 40 75 
80-100 225 125 265 38 75 



4.1 Design traffic load 
The load class for carriageways is usually determined 
by the design traffic load, as set out in Table 2 below. 
The design axle load is the 10-ton single axle, which 
is the German design standard, used in the analysis 
(RStO, 2012). 

While still providing adequate structural capacity, 
the pavement designs are intended to optimise the 
pavement structure for each load class.  
 
Table 2. Relevant design traffic and assigned load class (RStO, 
2012) 
______________________________________________ 
Equivalent 10-t-standard axles      Load class 
(million ESALs) ______________________________________________ 
Above 32             Bk 100 
From 10 to 32           Bk 32 
From 3.2 to 10           Bk 10 
From 1.8 to 3.2           Bk 3.2 
From 1.0 to 1.8           Bk 1.8 
From 0.3 to 1.0           Bk 1.0 
     to 0.3           Bk 0.3 _____________________________________________ 

4.2 Material-specific properties 

4.2.1 Asphalt 
All pavement structures for all load classes have a 4 
cm thick asphalt surface course. For the binder course 
a thickness of 6 cm and for the asphalt base course a 
minimum thickness of 8 cm was considered. For all 
asphalt types a resilient modulus of 5000 MPa was 
considered. In Rubicon Toolbox®, the binder course 
and asphalt surface were represented as a single layer. 
Poisson’s ratio of 0.35 was considered for all asphalt 
types. 

In Rubicon Toolbox®, the bitumen content of the 
asphalt was set as 10% by volume and modelled using 
the Shell Asphalt Fatigue transfer function. However, 
as an additional requirement, the fatigue criteria on 
the asphalt layer will be controlled with the German 
analytical method.  

4.2.2 BSM 
The BSM parameters for cohesion (C), angle of fric-
tion (φ) and retained cohesion were used as indicated 
in Table 3 below. Poisson's ratio of 0.3 was used for 
the BSM layer.  

 
Table 3. BSM input criteria 
______________________________________________ 
Description           Parameter ______________________________________________ 
Relative density          86% 
Allowed deformation        5% of thickness 
Retained cohesion         75% 
Cohesion            250 kPa 
Angle of friction          40° _____________________________________________ 
 

 

The maximum resilient modulus for a BSM is nor-
mally considered as 1000 MPa, contingent on the 
support conditions. In the model, a design resilient 
modulus of 900 MPa was applied when only one 
BSM layer was used. For configurations with two 
BSM layers, the resilient modulus values of 700 MPa 
and 900 MPa were applied. 

The BSM layer must have a minimum thickness of 
10 cm. If the BSM thickness exceeds 20 cm, it will be 
constructed in two layers. 

4.3 Anti-frost layer 
The anti-frost layer has different thicknesses accord-
ing to the frost penetration depth of each region. Dur-
ing this analysis, a 30 cm thickness with a plate-load 
based stiffness (EV2) of 120 MPa was considered for 
all pavement structures (except for Bk 0.3, for which 
100 MPa was selected).  

The resilient modulus of the anti-frost layer was 
kept at a constant of 200 MPa, over the subgrade with 
a resilient modulus of 45 MPa to reach the desired EV2 
value of 120 MPa below the base layer.  

Poisson’s ratio of 0.5 was considered, however, 
0.49 was used in the Rubicon Toolbox® analyses as 
0.5 is not permitted as an input parameter.  

After many design revisions, the cohesion of 
30 kPa and friction angle of 40.5° were selected to 
model the anti-frost layer’s material. 

5 FIRST RESULTS 

The first catalogue design focused on alternative as-
phalt base designs on top of the anti-frost layer. As 
mentioned above, load classes Bk 1.0 to Bk 100 were 
based on a plate-load stiffness of EV2 = 120 MPa un-
der the BSM, while load class Bk 0.3 was based on 
EV2 = 100 MPa. In practical cases, it can happen that 
the bearing capacity under the recycling horizon is 
less than 120 MPa; therefore, the next step will be to 
perform the designs with other EV2 values too. 

The design alternatives incorporating BSM are 
listed in the tables below for each load class.  

 
Table 4. BSM catalogue, EV2 = 120 MPa, Bk 100 & Bk 32 
Load class Bk 100  Bk 32 
(million ESALs) (> 32)  (10-32) 
 RStO 12 BSM  RStO 12 BSM 
Asphalt surface 12 cm 10 cm  12 cm 10 cm 
Asphalt base 22 cm 8 cm  18 cm 8 cm 
BSM - 20 cm  - 15 cm 
Anti-frost  30 cm 30 cm  30 cm 30 cm 
 
  



Table 5. BSM catalogue, EV2 = 120 MPa, Bk 10 & Bk 3.2 
Load class Bk 10 Bk 3.2 
(million ESALs) (3.2-10) (1.8-3.2) 

RStO 12 BSM RStO 12 BSM 
Asphalt surface 12 cm 10 cm 10 cm 10 cm 
Asphalt base 14 cm - 12 cm - 
BSM - 20 cm - 15 cm
Anti-frost  30 cm 30 cm 30 cm 30 cm

Table 6. BSM catalogue, EV2 = 120 MPa, Bk 1.8 & Bk 1.0 
Load class Bk 1.8 Bk 1.0 
(million ESALs) (1.0-1.8) (0.3-1.0) 

RStO 12 BSM RStO 12 BSM 
Asphalt surface 4 cm 4 cm 4 cm 4 cm 
Asphalt base 16 cm - 14 cm - 
BSM - 25 cm - 20 cm
Anti-frost 30 cm 30 cm 30 cm 30 cm

Table 7. BSM catalogue, EV2 = 100 MPa, Bk 0.3 
Load class Bk 0.3 
(million ESALs) (<0.3) 

RStO 12 BSM 
Asphalt surface 4 cm 4 cm 
Asphalt base 10 cm - 
BSM - 20 cm 
Anti-frost 30 cm 30 cm 

6 CONCLUSION 

Integrating BSM as a cold recycling alternative is ad-
vantageous due to the financial and environmental 
benefits demonstrated in several projects across the 
world and caters for the growing interest in BSM in 
Germany. One of the main requirements for imple-
menting this material in German pavements is to es-
tablish an accepted pavement design method. This pa-
per aimed to present the first results of a plan to 
address this requirement.   

The pavement structures presented in this study of-
fer a conservative approach as the first step of a plan 
to integrate BSM into well-established design proce-
dures in Germany. The Mechanistic-Empirical design 
method was used to verify that these proposed de-
signs are structurally equivalent to the RStO 2012 
loading classes. The next steps are to check other cri-
teria like the fatigue in the lower asphalt layer based 
on the German analytical pavement design method 
and to extend the designs to cater for other bearing 
capacity levels under the BSM layer. 
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1 INTRODUCTION 

Current pavement design methodologies incorporate 
static axle load data for design and damage estima-
tion for bituminous pavements (AASHTO, 2008; 
IRC:37-2018, 2018). However, it is established that 
when a truck traverses the pavement, it experiences 
various types of motion, viz. yawing, pitching, and 
rolling (Mamlouk, 1997; Rajamani, 2011). In free-
rolling conditions, the loads transferred from the tire 
to the pavement can be assumed to be purely vertical 
and equal to the static loads on the axles. However, 
this assumption may not hold well during the non-
free rolling conditions. Horizontal forces are sub-
stantial during acceleration, braking, and cornering. 
Past research has revealed that horizontal surface 
forces contribute to a complex stress state at the tire-
pavement interface (Wang and Al-Qadi, 2009; Gide-
on and Krishnan, 2012). Apart from this, during ac-
celeration, the load shifts from the front axle to the 
rear, while braking transfers the load from the rear 
axle to the front, increasing the overall vertical load 
on the front axle. The extent of this load redistribu-
tion is influenced by the roughness of the road, the 
speed of the vehicle, the intensity of the load, and 
the braking intensity (Collop and Cebon, 1995; Pais 
et al., 2013; Kubo et al., 2016; Rys et al.,2016; Said 
and Al-Qadi, 2023; Savio et al., 2023). These obser-

vations have been well documented in the past litera-
ture. However, studies related to the quantification 
of these factors in terms of the stress-strain response 
of the pavement structure are overlooked. This paper 
primarily focuses on braking conditions and presents 
a related computational model. 

2 SIMULATION OF VERTICAL AND 
HORIZONTAL TRACTION DURING 
BRAKING 

2.1 Data Collection 

The realistic data corresponding to gross vehicle 
weight (GVW), road profile, truck velocity, and load 
transfer during braking condition was taken from 
Savio et al. (2023). In this investigation, an axle load 
survey was carried out on a national highway (NH-
21) in India. Two representative gross vehicle weight
for trucks were identified: 85.82 kN for the unladen
truck, and 217.5 kN for the overloaded truck. A
rough road profile corresponding to the international
roughness index (IRI) value of 8.62 m/km was con-
sidered according to the International Organization
for Standardization (ISO:8608,2016). This road pro-
file was generated in MATLAB using the sinusoidal
approximation method, in which the road profile is
expressed in terms of the power spectral density
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(PSD) of vertical displacement (Tyan et al., 2009). 
The load transfer data corresponding to a 4 × 2 full 
truck model with a tire specification of 315/80R22.5, 
during the braking maneuver, was computed using 
the hardware-in-loop (HiL) setup integrated with the 
vehicle dynamic software, TruckMaker. The HiL 
setup used a rapid prototype hardware that com-
municates between the TruckMaker and the braking 
system. A complete braking effort of 100% was con-
sidered and designated as ‘panic braking’. In the vir-
tual vehicle module of the software, the truck load-
ing data served as an input, while the IPGROAD 
model utilized the generated road profile in the vir-
tual pavement module. Detailed information regard-
ing the generation of forces can be found in Savio et 
al. (2023). 
Following the above discussion, two critical cases 
are considered in the present study: an overloaded 
truck and an unladen truck, both braking with 100% 
intensity from an initial velocity of 80 kmph on a 
road with roughness index of 8.62 m/km. In addi-
tion, one case of overloaded truck moving with a 
constant velocity on the same road profile is taken 
for comparison purposes. 

 Figure 1a. Total vertical load for overloaded truck 

Figure 1b. Total horizontal load for overloaded truck 

2.2 Data processing and interpretation 

The data collected corresponding to the overloaded 
and unladen truck are shown in Figure 1 and 2 re-
spectively. The shifting of vertical load from rear to 
front during braking is evident from Figure 1a and 
2a. Equal amount of total horizontal force is being 
developed at the front and the rear axle tires in case 
of overloaded truck whereas the total horizontal 

force developed is carried by the front axle tires in 
case of the unladen truck as shown in Figure 1b and 
2b respectively.  

  
 
 
 
 
 
 
 
 

Figure 2a Total vertical load for unladen truck 

 Figure 2b Total horizontal load for unladen truck 

3 PAVEMENT MODEL 

In the present study, the overall stress-strain re-
sponse of a five-layered bituminous pavement struc-
ture is numerically investigated using PLAXIS 3D 
v2024 (Brinkgreve and Vermeer, 1998). A typical 
pavement cross section is taken from IRC:37-2018 
for a pavement structure having subgrade CBR value 
of 5% and design traffic capacity of 50 msa (IRC:37-
2018, 2018). The top two layers are the bituminous 
concrete (BC) and dense bitumen macadam (DBM), 
followed by the granular base (GB) course, granular 
sub-base (GSB) course and bottom is the subgrade 
layer. A layered linearized elastic analysis is carried 
out with thickness and material properties of each 
layer as shown in Figure 3a. 
    All the pavement layers are modeled using a full 
model with 10-noded tetrahedral volume elements. 
The interfaces are assumed to be in complete bonded 
condition with continuity of stress, strain and dis-
placements across and along the interfaces. The 
truck tires are idealized as line loads of width equal 
to the tire width (= 315 mm) with the axle dimen-
sions as shown in the Figure 3b. Both the static and 
dynamic loading is taken as load per unit width of 
the line load (kN/m). The vertical and horizontal line 
load is represented by ‘qz’ and ‘qy’ respectively. Dy-
namic multipliers in both the vertical and horizontal 
directions are introduced to incorporate the time var-
ying loading during braking maneuver. Movement 
function is assigned to each line load corresponding 
to the variation of velocity with time. 



Figure 3a. Cross section of pavement structure with truck load 

Figure 3b. Top view of pavement structure (not to scale) 

The top and the bottom horizontal boundaries are 
kept free and fixed respectively. The right and left 
boundaries are also fixed for any lateral defor-
mations. Along with the standard boundary condi-
tions, special absorbent boundary conditions are em-
ployed at the vertical boundaries, to absorb the 
increments of stresses caused by the dynamic load-
ing, thereby preventing spurious wave reflections 
that do not occur in reality. Dimensional and Mesh 
sensitivity analysis was carried out to fix the model 
dimensions, optimal mesh density and optimum time 
step for the analysis. Consequently, number of ele-
ments and nodes were fixed to 297882 and 439520 
respectively. The optimal time step for the analysis 
was found to be equal to 0.005 sec that coincides 
with the time interval for the braking data. The final 
computational model with meshing is shown in fig-
ure 4.  

4 RESULTS AND DISCUSSION 

4.1 Influence of braking condition 

A case of an overloaded truck braking with an ini-
tial velocity of 80 kmph on a road with IRI value of 
8.62 m/km is simulated and the horizontal strains 
(Ɛyy) are computed along the direction of motion for 
the front and inner rear right wheel, at the BC and 
DBM bottom for time ‘t’ and comparison is made 
with the free rolling case for the same spatial posi-
tion as shown in Figure 5. It is evident from Figure 
6a that there is a development of horizontal tensile 
strain (Ɛyy) at the BC bottom at the front right wheel 

in case of panic braking due to the introduction of 
horizontal loading. In addition, there is a substantial 
increase in the magnitude of horizontal compressive 
strain at the front right wheel position by about 
216% as compared to free-rolling condition. This 
can be attributed to the shifting of the vertical load 
from rear to front during braking maneuver. Like-
wise, the peak horizontal tensile strain is observed at 
the DBM bottom beneath the front wheel for the 
braking condition as shown in Figure 6b. 

Figure 4. Computational Model for present study 

Figure 5. Total loads on overloaded truck (v = 80 kmph) 

4.2 Influence of slip 

A case of an overloaded truck braking with an initial 
velocity of 80 kmph is simulated and the horizontal 
strains (Ɛyy) are computed along the direction of mo-
tion of the front and inner rear right wheel, at the BC 
and DBM bottom for the time when the shift from 
rear to front axle is maximum (t=0.595 s). Compari-
son is made with the unladen truck case with the 
same braking conditions and has reached the same 
spatial position at t=0.585 s. It is clear from Figure 
7a and 7b that the horizontal strain at the rear right 
wheel of the unladen truck is negligible as compared 
to the overloaded truck at both the BC and DBM 
bottom. This is due to the fact that the horizontal 
force developed at the rear axle is negligible in case 
of the unladen truck. Moreover, the horizontal ten-
sile developed at the BC bottom under the front 
wheel is same in both the truck cases. This is due to 
the identical horizontal load carried by the front ax-
les in both scenarios. In addition, maximum horizon-
tal tensile strain can be observed at the DBM bottom 
beneath the front wheel for the overloaded truck 
case. 



Figure 6a. Ɛyy for overloaded truck 

Figure 6b. Ɛyy for overloaded truck 

Figure 7a. Ɛyy along the direction of motion 

Figure 7b. Ɛyy along the direction of motion 

5 SUMMARY AND CONCLUSIONS 

A numerical study was carried out for an over-
loaded and unladen truck subjected to realistic brak-
ing conditions. A total of three simulations were car-
ried out: Overloaded truck with panic braking, 
unladen truck with panic braking and overloaded 
truck with free-rolling condition on the same rough 
road profile with IRI value 8.62 m/km. The effect of 
braking and slip on horizontal tensile strain at the 
BC & DBM bottom was analyzed by comparing roll-
ing versus braking and overloaded truck versus un-
laden truck case respectively. Significant horizontal 

tensile strain develops at the BC bottom beneath the 
front axle during braking, compared to rolling, for 
both trucks analyzed. The front axle is the critical 
location for horizontal tensile strain development 
under both braking and slip conditions, regardless of 
the truck's loading intensity. However, horizontal 
strains are higher for the overloaded truck than for 
the unladen truck at all studied locations. 
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1 INTRODUCTION 

1.1 Background 
The performance and longevity of asphalt pavements 
heavily rely on adequate bonding between the consec-
utive layers that form their multi-layered structure. 
Each layer serves a distinct role, with the interlayers 
acting as critical transition zones for load and stress 
transfer throughout the system (Canestrari et al., 
2013). Notably, the interface between the surface 
course and underlying layer is susceptible to extreme 
temperatures and stresses, potentially leading to dis-
tresses like slippage, delamination, and top-down 
cracking if bonding is insufficient (Rahman et al., 
2017). Consequently, ensuring robust bonding condi-
tions, especially at upper layer interface, is crucial to 
prevent bond failure and associated distresses that can 
undermine the structural integrity of the asphalt pave-
ment system. For this reason, numerous studies were 
conducted to better understand the bonding mecha-
nism and improve interlayer bonding performance in 
asphalt pavements (Al-Jarazi et al., 2024, Tozzo et al., 
2014, Diakhate et al., 2006, Raab et al., 2012). De-
spite these efforts, the exact causes of poor bonding 
are not fully known. There are a number of factors at 
play, including the type and compaction of base ma-
terials , characteristics of the bitumen and tack coat 
materials , weather conditions during construction, 
surface contamination, water penetration between 
layers, and so on (White, 2017). Therefore, it is of 
great significance to ascertain the effects of various 

factors affecting interface bonding. Aging is a critical 
factor influencing asphalt pavement performance, im-
pacting not only bituminous materials but also the in-
terfacial bonding between layers (Raab et al., 2015). 
As asphalt ages, it undergoes oxidation and volatiliza-
tion, leading to increased stiffness and brittleness, 
which can weaken the bonding essential for structural 
integrity and load distribution of the pavement struc-
ture. Despite its significance, the study of aging ef-
fects on interfacial bonding has not been fully ex-
plored.  

1.2 Objective 
The present investigation aims to evaluate the aging 
effects on the interface bonding strength of asphalt 
pavements. To this end, two types of tack coat mate-
rials and testing temperatures were considered. Mi-
crostructure analysis was conducted using scanning 
electron microscopy (SEM) to assess the impact of 
aging on the bonding strength. 

2 EXPERIMENTAL PROGRAM 

2.1 Materials and methods 
Double-layered asphalt specimens, comprising SMA-
13 as top layer and AC-20 as bottom layer were man-
ufactured using AH-70 (60/80 penetration grade) 
base asphalt binder. The interlayer bonding strength 
was assessed through a newly developed inclined  
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Figure 1. Experimental plan and procedure for measurement of 
the interlayer shear strength. 
 
shear device, which measures the shear strength at the 
interface between the layers. A cationic modified   
emulsified bitumen (BCR) and styrene butadiene rub-
ber (SBR) emulsified asphalt were applied as tack 
coat materials at varying application rates. All mate-
rial properties met the technical requirements speci-
fied by the Chinese specification JTG F40-2004. In 
the first phase of this study, residual tack coat appli-
cation rates ranging from 0.20 to 1.20 kg/m² were se-
lected to explore the effects of tack coat dosage on the 
measured shear strength. The tests were conducted at 
the temperature of 25°C and a shear angle of 35 de-
grees. Subsequently, the optimal value of the tack 
coat rate was identified for both tack coat materials. 

In the second phase, a group of specimens, denoted 
as aged specimens, were selected and conditioned to 
long-term aging condition while the second group 
was unaged as control specimens. To simulate aging 
condition, the specimens were stored in an oven for 
five days at 85°C. After the aging period, the oven 
was switched off, and the specimens were left to cool 
to room temperature. Subsequently, both groups were 
subjected to shear testing at a designated testing tem-
perature. In addition, the microstructural assessment 
of aged specimens was conducted by SEM. The ex-
perimental plan and procedure for determining the in-
terlayer shear stress (ISS) are displayed in Figure 1.  

2.2 Measures of interface shear performance 

To measure monotonic behavior of interlayer bond-
ing properties, three measures were utilized in this 
study. 

(a) Interface shear strength (ISSmax). The ISSmax is 
the peak value of shear stress in the shear stress vs. 
shear displacement curve. It represents the point at 
which the interface can no longer sustain increasing 
shear forces, leading to slippage or debonding. 

(b) Interface shear modulus (ISM). The ratio of in-
terface shear strength to the corresponding displace-
ment or the gradient of the stress/strain plot is com-
monly referred to as the interface shear stiffness or 
shear stiffness modulus. It quantifies the stiffness of 
the interface at the point where the peak shear 
strength is achieved, reflecting the shear resistance 
relative to the displacement at failure. 

(c) Peak energy (Epeak). The peak energy is ex-
plained as the specific energy utilized to cause failure 
at the specimen interface and is computed as the area 
under stress-displacement curve until the peak value 
ISSmax. 

The schematic presentation of three concepts is 
demonstrated using a typical shear stress–displace-
ment plot of aged and unaged specimens in Figure 2. 

 

Figure 2. Shear stress vs. displacement curve of aged and unaged 
specimens and key measurement parameters. 

3 RESULTS AND DISCUSSION 

3.1 Text and indenting 
Figure 3.a shows the effects of tack coat rates on in-
terface bond shear strength for SBR and BCR tack 
coats. For SBR, shear strength peaked at 0.80 kg/m²  



Figure 3. Effects of tack coat dosage and aging on interface bond 
shear strength. 

while shear strength reached its maximum value at 
0.6 kg/m² for BCR. No matter what tack coat material 
being applied, the shear strength declined with further 
tack coat dosage. Adequate tack coat application is 
crucial for optimal bonding, but excessive dosages 
adversely impact shear strength.  

Figure 3.b illustrates the effect of aging on the in-
terface bond shear strength for BCR and SBR tack 
coats at 30°C and 40°C. A significant reduction in 
shear strength due to aging was observed for both ma-
terials. While aging caused a 34% reduction at 30°C 
and 47% at 40°C for BCR tack coat, it resulted in a 
decline of 47% at 30°C and 35% at 40°C for SBR ma-
terial. This decrease in shear strength can be at-
tributed to aging and oxidation processes, making the 
tack coats stiffer and more brittle, compromising in-
terlayer bonding. The extent of reduction varied be-
tween tack coats and temperatures. These findings 
highlight the importance of considering aging effects 
on long-term tack coat performance and selecting ma-
terials that maintain adequate bonding properties over 
the pavement's service life, especially at elevated 
temperatures.  

The results of the interface shear performance for 
two tack coat materials under varying temperatures 
and aging conditions are presented in Table 1. The 
analysis focuses on two critical performance parame-
ters: the (ISM) and the Epeak. 

Table 1.  Margin settings for A4 size paper and letter 
size paper. ______________________________________________
Temperature (oC)  Unaged               Aged         ____________  _____________
           30       40            30  40 ______________________________________________
ISMBCR tack coat  
(MPa/mm) 0.98 1.22 0.54  0.51 
ISMSBR tack coat
(MPa/mm)   1.35 0.61 0.48 0.47 
Epeak, BCR tack coat 
(N/mm)   21.01  18.14  11.99  9.49 
Epeak, SBR tack coat 
(N/mm)               20.23  16.18   12.21  10.40 _____________________________________________

The ISM shows a notable decrease as the temper-
ature increased from 30°C to 40°C for both unaged 
and aged specimens. For unaged specimens, the ISM 
of BCR increased slightly from 0.98 MPa/mm to 1.22 
MPa/mm, whereas the SBR tack coat decreased sig-
nificantly from 1.35 MPa/mm to 0.61 MPa/mm, sug-
gesting a greater sensitivity of SBR to elevated tem-
peratures. Under aging conditions, the ISM values are 
considerably lower for both materials, with reduc-
tions of approximately 50%, reflecting the deteriora-
tion of interface stiffness due to long-term exposure 
to aging. 

The peak energy, representing the energy absorbed 
at the interface before failure, follows a similar trend. 
For unaged specimens, peak energy decreased with 
increasing temperature, dropping from 21.01 N/mm 
to 18.14 N/mm for BCR and from 20.23 N/mm to 
16.18 N/mm for SBR. The aged specimens exhibit 
significantly lower peak energy values, highlighting 
the negative impact of aging on the interface's capac-
ity to absorb shear deformation. Although both tack 
coats experience reduced performance with aging and 
temperature, SBR consistently shows slightly higher 
peak energy values compared to BCR, indicating bet-
ter deformation capacity and energy absorption, albeit 
with greater sensitivity to temperature. 

3.2 Microstructural assessment and aging  
The SEM analysis (Fig. 4) of aged specimens re-
vealed significant microstructural degradation, in-
cluding the presence of micro and thermal cracks. 
This deterioration can be attributed to the stiffening 
and embrittlement of the asphalt binder due to aging, 
leading to a higher potential for crack formation and 
compromised mechanical strengths. The observed 
cracks and degraded microstructure directly impair 
interface bonding characteristics by disrupting the 
continuity and adhesion between asphalt layers, re-
sulting in reduced interfacial shear strength. The ag-
ing-induced stiffening and brittleness of the asphalt 
increases the susceptibility to fatigue and thermal 
cracking, contributing to the overall deterioration of 
mechanical performance over time. These findings

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0.2 0.4 0.6 0.8 1 1.2

Sh
ea

r 
st

re
ng

th
 (M

Pa
)

Tack coat rate(kg/m2)

SBR BCR

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

without aging aging without aging aging

Sh
ea

r 
st

re
ng

th
 (M

Pa
)

30 40

BCR as a tack coat  SBR as a tack coat

Temperature:

(a) (b)



 Figure 4. SEM micrographs of aged and unaged specimens. 

underscore the importance of aging mitigation strate-
gies and selecting materials that can maintain their in-
tegrity throughout the pavement service life. 

4 CONCLUSIONS 

This study evaluated the interfacial bonding perfor-
mance of asphalt pavements under varying tempera-
tures and aging conditions, focusing on two tack coat 
materials, BCR and SBR emulsified asphalts. The re-
sults highlight that both temperature and long-term 
aging have a significant negative impact on interlayer 
bonding performance. The ISM, which reflects inter-
face stiffness, decreased with rising temperature and 
aging, with aged specimens showing reductions of 
approximately 50%. Notably, the SBR tack coat ex-
hibited greater sensitivity to temperature compared to 
BCR, while BCR demonstrated more stable shear 
stiffness at elevated temperatures. 

The peak energy representing the interface’s abil-
ity to absorb deformation energy before failure, also 
declined with temperature and aging. Despite this, the 
SBR tack coat consistently exhibited higher peak en-
ergy values than BCR, indicating superior defor-
mation capacity and energy absorption. These find-
ings suggest that while SBR offers enhanced energy 
dissipation, its greater temperature sensitivity must be 
considered in practical applications. 

In summary, the study underscores the importance 
of selecting tack coat materials based on their temper-
ature stability and resistance to aging effects to opti-
mize long-term interlayer bonding performance in  

asphalt pavements. The results provide valuable in-
sights for improving pavement durability and inform 
material selection for varying service conditions. 
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1 INTRODUCTION 

Rutting in road pavements is a common distress that 
occurs due to various factors such as heavy traffic 
loads, high temperatures and the properties of the ma-
terials (aggregate and binder) used in the pavement 
(Zheng et al. 2015). It is characterized by the defor-
mation/displacement of the pavement surface partic-
ularly in bituminous layers, leading to a significant 
reduction in the pavement's service life and posing 
risks to drivers  (Nahi et al. 2016). Understanding and 
addressing rutting in road pavements is crucial for en-
suring the longevity of transportation infrastructure 
(Haider and Harichandran 2009). Also, by imple-
menting appropriate materials, design considerations, 
and maintenance strategies, it is possible to minimize 
rutting and enhance road pavements overall perfor-
mance and durability. 
As we are moving toward the balanced mix design 
(BMD) concept  (Yin et al. 2021), there is a need to 
incorporate simple performance tests at the design 
stage and for quality assurance and checks during 
production. It is important to note that there are cur-
rently no specific performance tests designed for 
Marshall mixes with a 100 mm diameter despite their 
widespread use in many countries (Hwang et al. 
2004, Chakroborty et al. 2010, Hesami et al. 2013).   
Therefore, the motivation of this study lies in address-
ing the shortcomings of relying solely on volumetric 
properties, through the integration of a performance 
test in the current Marshall mix design method. Table 

1 presents the HWTT Performance Specifications for 
different DOT’s using different BMD approaches for 
150 mm samples. 

Since Marshall mixes are still used, we need to find 
the correlation of 100 mm diameter samples with the 
150mm ones. To move forward in that direction, the 
main objectives of the present study are defined as 
follows: 
• To establish the threshold specification for HWTT
for 100mm Marshall samples.
• To determine the association of 100 mm and 150
mm Marshall samples by the HWT test.
• To evaluate the effect of binder grade and compac-
tion levels on the rutting potential of bituminous mix-
tures.

2 RESEARCH METHODOLOGY 

Twenty-seven specimens (1 Design Aggregate Gra-
dation × 3 Binder Content × 3 Binder Grade × 3 Rep-
licates) of bituminous concrete (BC-1) gradation hav-
ing a Nominal maximum aggregate size (NMAS) of 
19 mm were prepared. As a result, 3 OBC’s were ob-
tained for different combinations of mixtures. Fur-
ther, using obtained OBC’s, specimens were thereby 
made at three different levels of compactive efforts 
i.e., 35, 75 and 110 blows. This was done for replicat-
ing the primary and secondary compaction that occurs
during the service life of the road. 35 blows represent
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approximately 7 % air voids simulating initial com-
paction during construction and 110 blows represent 
approximately 2.5 % air voids simulating the effects 
of traffic-induced secondary compaction over time. 
Thereby HWTT was performed on 72 samples 
(100mm and 150 mm samples) to evaluate the rutting 
resistance.  

3 MATERIAL SELECTION 

3.1  Aggregate and Binder  
Granite aggregates were used for the study. It was se-
lected because of its higher strength and low absorp-
tive characteristics which make it more durable and 
watertight. Mixtures were prepared using viscosity 
graded and polymer modified binders namely VG-30, 
VG-40 and PMB-40. These binders were selected 
based on their common use in road construction ap-
plications so that the results of this study could be ex-
tended to standard paving industry practices. The 
physical and mechanical properties of aggregate and 
binders have been evaluated as per the Bureau of In-
dian Standards and the Ministry of Road Transport 
and Highways (MoRT&H) specifications 
(MORT&H Guidelines 2013) . 
 
Table 1.  HWTT Performance Specifications for dif-
ferent DOT’s using different approaches 

Ap-
proach 

DOT’s Mixture 
type 

HWTT Performance 
 Specifications  

Approach 
A:  
Volumet-
ric Design 
with Per-
formance 
Verifica-
tion 

Illinois  
(Barry 
2016) 

 

 Hot 
Mix As-
phalt 

     

The minimum number of 
wheel passes required to 
achieve 12.5 mm rut 
depth, corresponding to 
various binder grades as 
indicated: 
PG58-xx (or lower)- 
5000 passes 
PG64-xx-7500 passes 
PG70-xx- 15000 passes 
PG76-xx (or higher)- 
20000 passes 

Texas  
(Al-
khayat 
2020) 

Surface 
Mix  

The minimum number 
passes to 12.5 mm rut 
depth for the different 
virgin grade binders as: 
PG64-xx (or lower)- 
10000 passes 
PG70-xx- 15000 passes 
PG76-xx (or higher)- 
20000 passes 

Approach 
B:Volu-
metric 
Design 

Missouri  
(Yin et al. 
2021) 

Stone 
Matrix 
Asphalt 

The minimum number of 
wheel passes required to 
achieve 12.5 mm rut 
depth, corresponding to 

with Per-
formance 
Optimiza-
tion 

different binder grades as 
given under: 
PG58S-xx-5000 passes 
PG64S-22-7500 passes 
PG64H-22-15000passes 
PG64V-22- 20000passes  

Approach 
C: Perfor-
mance-
Modified 
Volumet-
ric Design 

California  
(Yin 
2018) 

Surface 
Mix 

The number of wheel 
passes to 12.5 mm rut 
depth is greater than 
20,000 

Approach 
D: Perfor-
mance 
Design 

Tennes-
see  

(Yin 
et al. 
2021) 

All  
mixtures 

≥ 10,000 passes to 12.5 
mm rut depth  for ADT < 
10000; ≥ 15,000 passes 
to 12.5 mm rut depth   for 
ADT & ≥ 20,000 passes 
to 12.5 mm rut depth  for 
Interstates and controlled 
access State Routes 

4 EXPERIMENTAL INVESTIGATION 

4.1 Gradation 
Aggregate gradation is one of the most important 
properties which affect the final behavior of the mix 
(Kandhal and Mallick 1999). This study considered 
bituminous mixes prepared using bituminous con-
crete (BC-1) gradation. The choice of the gradation is 
consistent with the MoRT&H specifications.  Figure 
1 shows the design aggregate gradations i.e., mid-gra-
dation for the bituminous mixes (BC-1) incorporated 
in the study. It is anticipated to have a similar trend 
even if the aggregate gradation changes. The primary 
reason for this expectation is that the underlying 
mechanisms governing rutting behavior such as the 
properties of the binder, the compaction effort, and 
the environmental conditions which would still apply 
across different gradations. While the absolute values 
of rut depth might vary with changes in aggregate gra-
dation due to differences in particle size distribution, 
shape, and texture, our study's relative performance 
trends and correlations are likely to remain consistent. 
This is because the fundamental interactions between 
the binder and aggregate and the load distribution 
characteristics would still follow the same principles.   

4.2 Bituminous mix design 

This study employed Marshall mix design methodol-
ogy following Indian standards to design the bitumi-
nous mixtures (IRC:111-2009 Specifications for 
Dense Graded Bituminous Mixes, 2009). The OBC 
was identified at 4% air voids in line with the MS-2 
guidelines (MS-2 7th Edition Asphalt Mix Design 



Methods 2009). Following this, the Marshall parame-
ters were evaluated at the established OBC’s. The re-
sulting parameter values conform to the IRC:111-
2009 specifications. To keep the manuscript concise, 
Marshall parameters have not been presented. Table 
2 represents the different OBC’s for various combi-
nations of mixtures.  

Table 2.  OBC (%) of Mid Gradation for different 
Binder grades 

Design Aggregate 
Gradation (DAG)

BC-1 (NMAS-19mm)

Mid Gradation
VG-30 VG-40 PMB-40 

5.01 5.09 5.21 

4.3 Test Methods 

4.3.1 Hamburg Wheel Tracking Test 
HWTT was performed at 60°C in a dry environment 
in accordance with AASHTO T324-2017. Four sam-
ples (for two sets) were evaluated. Marshall com-
pacted specimens of diameters 100 mm and 150 mm 
were used for the testing. A load of 705 N was put on 
the compacted specimen by a steel wheel. Linear Var-
iable Differential Transformers (LVDTs) were used 
to detect the rut depth. The termination criteria were 
20,000 passes or 12.5 mm rut depth whichever hap-
pened first. Figure 2  

5 RESULT AND DISCUSSION 

HWTT methods assess the rut depth of the bitumi-
nous mixture wherein a higher value of permanent de-
formation/rut depth indicates lower rutting resistance 
and conversely. Figure 3 illustrates the rut depth val-
ues obtained for various combinations of bituminous 
mixes encompassing varied compactive efforts for 
different binder grades. It was seen that the 100 mm 
samples exhibited a lower rut depth  than the 150 mm 
samples in the HWTT test because the strain rate for 
both size samples was significantly different (Brown 
and Bassett 1990). Further, Figure 4 shows the asso-
ciation between 100 mm and 150 mm Marshall sam-
ples. The relationship between HWTT results and 
sample dimensions can be described using the linear 
regression equation (1):  y = 1.9466x - 0.3634                        

where y represents the predicted performance value 
in millimeters and x is the independent variable, 
likely related to HWTT parameters. The regression 
model has a strong correlation, as indicated by R2 = 
0.98. For 150 mm HWTT samples, the performance 
specification is set at 12.5 mm as outlined in Table 1. 
Using this model, the corresponding HWTT result for 
100 mm Marshall samples can be calculated. Based 
on the regression and the established correlation, the 

predicted value for the 100 mm samples is approxi-
mately 6.5 mm. This calculation helps in establishing 
performance equivalence between samples of differ-
ent sizes. 

Further, the test result indicates that the polymer-
modified mixes outperformed the mixtures prepared 
with viscosity graded binders (VG-30 and VG-40) for 
a particular DAG and compactive effort. This can be 
due to polymer modified binders increased viscosity 
(Habeeb et al. 2014). It was also found that for a given 
DAG and binder grade, the rut depth increases with 
decreasing compactive effort. Bituminous mixes with 
a higher percentage of air void have a higher rutting 
potential due to increased ductility and porosity 
(Barry 2016). Conversely, stiffness increases with in-
creased compactive effort which improves the rutting 
resistance. 

6 CONCLUSION 

The study evaluates the resistance of the Marshall 
mixes against rutting using HWTT. This study exam-
ined Marshall compacted samples of 100 mm and 150 
mm diameter comprising different binder grades 
(VG-30, VG-40 and PMB-40) and compactive efforts 
(35, 75 and 110 blows) for the HWTT. 100 mm sam-
ples correlate well (R2 > 0.98) with 150 mm samples 
of HWTT. The regression analysis indicates that 100 
mm Marshall samples can achieve performance 
equivalence with 150 mm samples with a predicted 
HWTT value of approximately 6.5 mm. This supports 
the feasibility of using smaller sample dimensions un-
der the same test conditions. These findings provide 
valuable guidance for engineers and researchers aim-
ing to increase the performance of bituminous pave-
ments through effective material selection and design 
strategies. 
Results also indicate that polymer-modified mixtures 
have improved rutting resistance due to their in-
creased viscosity. Additionally, increased compactive 
efforts improve the rutting resistance. This was so be-
cause the bituminous mixes with a higher percentage 
of air void have a higher rutting potential due to in-
creased ductility and porosity. Conversely, stiffness 
increases with increased compactive effort which im-
proves the rutting resistance.  
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 Figure 1.  Design Aggregate Gradation (Mid Gradation) for 
the Bituminous Mix (BC-1) 

 
 
 
 
 
 
   
 

Figure 2.  Specimens for performance tests 
 

 
a) Rut depth of HWTT samples of 100 mm 

 
 
 
 
 
 
 
 
 
 
 

 b) Rut depth of HWTT samples of 150 mm 
 
Figure 3.  Rut Depth values obtained for different bituminous 

mixtures 
 

 
 

 
 
 
 
 
 
 

 
Figure 4.  HWTT (100 mm) Vs HWTT (150 mm) 
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1 INTRODUCTION 
Since 1981, runway pavements have been strength 
rated and protected against overloads by a strength 
rating system known as Aircraft Classification 
Number – Pavement Classification Number (ACN-
PCN) (ICAO 1983). The system is simple in its op-
eration, in that a unique aircraft ACN value is com-
pared to the published PCN for that runway (AAA 
2017) which can be set at the discretion of the air-
port owner, but in some countries a prescription pro-
cess is required for determining a PCN value (FAA 
2014a). In some instances, it has been noticed that 
these prescriptive processes return a PCN that was 
lower than the highest ACN of the aircraft in the de-
sign traffic loadings (Tipnis & Patil 2014). That 
means that the aircraft operator requires a Pavement 
Concession from the airport to operate, which is il-
logical for an aircraft that was part of the design traf-
fic loadings. These anomalies resulted from differ-
ences between the simplified processes and 
mathematics used to calculate ACN values, and the 
more sophisticated mathematics used in modern air-
port pavement thickness determination methods, 
which include layered elastic and finite element 
methods (White 2024). 

To overcome these anomalies of pavements not 
being rated for the design aircraft, a new system was 
developed, known as the Aircraft Classification Rat-
ing-Pavement Classification Rating (ACR-PCR) 
(ICAO 2022). The ACR-PCR system uses the same 
methods to calculate ACR values as is used by 
FAARFIELD (FAA 2023) and other contemporary 
pavement thickness methods. ACR-PCR was ap-
proved by the International Civil Aviation Organisa-
tion (ICAO) in 2020 and came into effect in 2024 
(Brill & Garg 2023) although some countries have 
already announced deferral until 2025 or later. 

Although aligning runway strength rating with 
pavement design methods provides many advantages 
(White 2024) it does require every airport to transi-
tion from a PCN to a PCR, which will be challeng-
ing and potentially costly for many regional airports 
(White 2022). Consequently, some researchers have 
attempted to develop correlations between PCN and 
PCR using the two prescriptive protocols, per ICAO 
(1983), FAA (2014a) and ICAO (2022). 

Fundamentally, ACN-PCN, and ACR-PCR, are 
operational tools designed to allow an airport owner 
to be aware of, and to discretionarily allow, the over-
loading of the runway pavements at their airport 
(AAA 2017). Despite the attempts to correlate PCN 
values to PCR values, the most appropriate PCR for 
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any runway is equal to the highest ACR of all the 
aircraft that are intended to operate regularly on that 
runway in an unrestricted manner, which is most 
reasonably based on the aircraft included in the traf-
fic loadings when the pavement was designed or was 
most recently technically evaluated (White 2022). A 
PCR set equal to the highest of the intended aircraft 
ACR values will allow all the aircraft included in the 
design (or evaluation) traffic loadings to operate, as 
well as other less damaging aircraft, but more dam-
aging aircraft operators will be required to obtain a 
Pavement Concession. It follows that a correlation 
between ACN and ACR, which can be used to tran-
sition from PCN to PCR, is a more useful tool for 
airport owners. Even for airports that have applied 
discretion and published a usage-based PCN value, 
transitioning to a PCR that still allows that using air-
craft to operate, but not more damaging aircraft, re-
mains a practical, efficient and reasonable outcome. 

Although there is available software to convert 
individual aircraft ACN to ACR, such as PCASE 
(USACE 2023), many airports will not have the 
technical resources to properly employ these soft-
ware programs. To that end, this research aimed to 
develop a statistical correlation between ACN and 
ACR values, for a range of aircraft, that can be used 
to assist airports in their transition from PCN to 
PCR. This is particularly important for the less so-
phisticated regional airports that often have a single 
clear critical aircraft, and limited resources for de-
termining a PCN from first principles and using the 
prescriptive process published by ICAO (2022). 

2 AIRCRAFT ACN TO ACR CORRELATION 

White (2022) compared ACN and ACR values for a 
range of aircraft, subgrade conditions and pavement 
types. It was found that the ratio between ACN and 
ACR ranged from 7.7 to 12.0, with an average ratio 
of 9.5. It was also found that subgrade support had 
only little effect on the ratio between ACN and 
ACR, while the ratio was generally higher for rigid 
pavements than it was for flexible pavements. 

For this study, the comparisons made by White 
(2022) were extended to include a total of 23 com-
mercial aircraft, ranging in weight from the King 
Air 350 (6.8 tonnes) to the A380 (575 tonnes) (Ap-
pendix 1). The aircraft included dual, dual-tandem 
and dual-tridem (ICAO 2022) wheel configurations 
and an approximately uniform distribution of ACN 
values from 5 to 108, to avoid an unbalanced data 
set.  The software ICAO-ACR (FAA 2020) was used 
to calculate ACR values, and after the aircraft 
weight and wheel configuration was manually 
checked or created (for missing aircraft) the software 
COMFAA (FAA 2014b) was used to calculate the 
equivalent ACN values for each aircraft. For each 
aircraft, the ACN and ACR were calculated for the 

four subgrade categories and for both rigid and flex-
ible pavement types, resulting in 92 pairs of ACN 
and ACR (Figure 1). 

The ratio of ACN to ACR ranged from 7.7 to 
12.6, with an average ratio of 9.8, which is similar to 
that reported by White (2022). The results were sta-
tistically analyzed and a linear regression was devel-
oped to allow the estimation of ACR from any ACN 
value. Initially all the factors were included in the 
regression and the most statistically non-significant 
term was removed iteratively, until only statistically 
significant terms remained (Equation 1). 
ACR = ACN × (8.833 + 0.355 × W4 + 0.841 × W6 + 
1.382 × Rigid) (1) 

Where: W4 and W6 denote dual-tandem and du-
al-tridem main wheel gears, respectively, and Rigid 
denotes an ACR for a rigid pavement. The value of 
each is 1 when true and 0 when not. 

When Equation 1 was used to predict the ACR 
for each aircraft, pavement type and subgrade sup-
port category, the differences were just 0.7%, on av-
erage, and the linear regression R2 value was 99.6%. 
The errors were normally distributed, evenly distrib-
uted around 0, and averaged less than 1 ACR unit, 
indicating a reasonable best-fit predictive model. 

 

 
Figure 1. Comparison of ACR values to ACN values. 

3 RUNWAY PCN TO PCR TRANSITION 

For any airport that has a reliable and clear critical 
aircraft, for which the runway PCN is currently 
equal to that aircraft ACN, it is reasonable and effi-
cient to determine the new runway PCR based on the 
ACR of the same critical aircraft. However, many 
regional airports will not be able to verify these con-
ditions and will not be able to calculate the critical 



aircraft ACR value. In such cases, Equation 1 pro-
vides a reasonable estimate of the critical aircraft 
ACR value, which can be used as the basis of the fu-
ture PCR. For example, a reliably known PCN 20 
(Dash 8-Q400 on flexible pavement with subgrade 
B) would be transitioned to PCN 172, which is ap-
proximately equal to the actual ACR of that aircraft, 
which is 170. It follows that the PCR of that runway  
can be estimated by the same equation, but with 
ACN replaced by PCN, and ACR replaced by PCR 
(Equation 2). 
PCR = PCN × (8.833 + 0.355 × 4W4 + 0.841 × W6 + 
1.382 × Rigid) (2) 

The differences between actual ACR and predict-
ed ACR, and therefore between PCR and estimated 
PCR, generally increased with the ACR of the air-
craft, within a generally consistent percentage error 
band (Figure 2). That is, the larger aircraft were as-
sociated with larger absolute differences than the 
smaller aircraft. In practice, the regional airports that 
are likely to rely on this estimated ACR for an ap-
proximate PCR value, are limited to aircraft with 
dual main gear wheels, up to B737 or A320 size air-
craft. These airports predominantly have flexible 
pavements (White et al. 2021). For these dual 
wheeled aircraft on flexible pavements, the differ-
ences between actual ACR and estimated ACR were 
up to 48 ACR units, with 60% of predicted ACR 
values within 10 of the actual ACR value (Figure 3). 

 

 
Figure 2. Comparison of actual ACR and predicted ACR. 

 
That is, for regional airports with flexible runway 

pavements, using Equation 2 would mean that 60% 
of estimated runway PCR values would be within 10 
of the critical aircraft ACN value. Given that ACR 
values are rounded to the nearest 10, for the purpos-

es of calculating runway PCR values (ICAO 2022), 
that is not unreasonable. 

4 CAUTION AND LIMITATION 

If not using a prescriptive method for first principles 
PCR determination, such as that published by ICAO 
(2022), it is clearly preferrable to calculate an actual 
PCR value based on the critical aircraft that has the 
highest ACR value of all the regularly using or de-
sign traffic aircraft. Consequently, the use of Equa-
tion 2 should only be considered as an approximate 
basis for transitioning from PCN to PCR. It is much 
better to identify the actual critical aircraft for which 
the ACN value is the basis of the PCN, and to calcu-
late the actual ACR value using available software 
for setting the PCR. This process also relies on the 
reliability of the current PCN value, and it is im-
portant that the critical aircraft, that is the basis of 
the current strength rating (PCN) be identified be-
fore it is adopted as the basis of the future strength 
rating (PCR). 

 

 
Figure 3. Comparison of dual wheeled aircraft flexible ACR 
and predicted ACR. 

5 CONCLUSION 

The transition from ACN-PCN to ACR-PCR is as-
sociated with many benefits. However, for many re-
gional airports with limited resources, it is a burden 
that is unlikely to provide any practical benefit. To 
assist those airports with the transition, a reasonable 
correlation between ACN and ACR was developed 
and can be used to estimate PCR from an existing 
PCN. For the majority of regional airports with flex-
ible pavements and only dual wheel aircraft, this will 
provide a PCN value within 10 units of the true val-



ue. However, this approach is not as sound as identi-
fying the critical aircraft that forms the basis of the 
current PCN value, and using the actual calculated 
ACR of that aircraft as the basis of the future PCR. 
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Appendix 1 – Aircraft Included in ACN to ACR Correlation 
 

Aircraft Weight (tonnes) Wheels in each main landing gear 
Super King Air 350 6.8 2 
SAAB 340B 13.2 2 
Challenger CL 604 21.9 2 
Dash 8-400 29.3 2 
Fokker 100 45.8 2 
B717-200 55.3 2 
A220-100 60.8 2 
A220-300 67.6 2 
A319-100 opt 68.4 2 
B737-800 79.2 2 
A321-200 opt 93.9 2 
A321XLR 101.0 2 
B767-300 163.7 4 
B787-8 228.4 4 
A330-300 std 230.9 4 
B777-200 248.1 4 
B787-9 255.4 4 
A350-900 272.9 4 
A350-1000 308.9 6 
B777-300ER 352.4 6 
A340-600 369.2 4 
B747-400 397.8 4 
A380-800 575.0 6 

 



1 INTRODUCTION 

1.1 Index-Volumetrics Relationships 
The North Carolina State University (NCSU) re-
search team conducted research to develop perfor-
mance-related specifications (PRS) of asphalt pave-
ments using the Asphalt Mixture Performance Tester 
(AMPT) and its associated test methods. However, 
the use of AMPT performance testing for quality as-
surance (QA) purposes poses practical challenges 
that are difficult to overcome. Therefore, the PRS 
framework preferably should employ conventional 
acceptance quality characteristics (AQCs) that are 
commonly used in QA processes for asphalt pave-
ments. For that purpose, the research team devel-
oped index-volumetrics relationships (IVRs) to link 
conventional AQCs with AMPT performance test 
indexes (Sapp for cracking and the Rutting Strain In-
dex (RSI) for rutting) (Wang et al. 2019). The idea 
behind these relationships is to pre-calibrate the in-
dex property variations as a function of conventional 
AQCs and then to use the calibrated IVRs to predict 
the as-constructed performance index values using 
the conventional AQCs measured during production. 

1.2 AMPT Performance Indexes 
Sapp and RSI are the AMPT performance index pa-
rameters for cracking and rutting, respectively. In 
this paper, improvement of the IVR for Sapp is de-
scribed. Sapp, defined in Equation (1), accounts for 
the effects of a mixture’s modulus and toughness on 
the mixture’s fatigue resistance and is a measure of 
the amount of fatigue damage the mixture can toler-

ate under fatigue loading. Higher Sapp values indicate 
better fatigue resistance. 

12

1
1

1
T( )

1 112

* 4
,

a
1000

app

app

R C

S

app

LVE S

D
C

S
E






+

−

 
 
 =  (1) 

where α = damage evolution rate, aT(Sapp) = time-
temperature shift factor at Sapp temperature, 
|E*|LVE,Sapp = reference modulus for Sapp, C11, C12 = 
coefficients of damage characteristic curve model, 
and DR = failure criterion. 

1.3 Four Corners 
The core idea of the IVR is that the performance of 
an asphalt mixture under various volumetric condi-
tions can be predicted by testing the mixture at a few 
selected volumetric conditions. To simplify the vol-
umetric characteristics of mixture samples in place, 
the research team developed straightforward equa-
tions for IVRs whereby in-place voids in mineral 
aggregate (VMAIP) and in-place voids filled with 
asphalt (VFAIP) are used to represent the volumetric 
properties of the in-place samples. The IVR equation 
for Sapp is presented as Equation (2). 

IP IPa VMA b VFA dappS =  +  +  (2) 

where VMAIP = the in-place VMA, VFAIP = the in-
place VFA, and a, b, and d = the fitting coefficients 
for Sapp.  
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ABSTRACT: This study focuses on improving the index-volumetrics relationship (IVR) for asphalt mixture 
performance prediction by replacing the original parameters, in-place voids in mineral aggregate (VMAIP) 
and in-place voids filled with asphalt (VFAIP), with more intuitive ones, in-place air voids (Va,IP) and effective 
binder content (ACEff). Using these new parameters, the IVR equation was redeveloped, resolving issues with 
Sapp trends as a function of air void content and enhancing the prediction accuracy for plant-mixed lab-
compacted samples. The proposed method provides a practical approach for predicting field construction per-
formance using the ‘four corners’ method. 



Equations (3) and (4) are derived from the Super-
pave mix design but are rewritten here in terms of 
in-place density and binder content to calculate the 
VMAIP and VFAIP. 

IP
%VMA 100

100
mm mm s

sb

G G P
G

 
= −


 (3) 

where %Gmm = constructed compaction level, Gmm = 
theoretical maximum density of asphalt mixture, Ps 
= aggregate content, and Gsb = bulk specific gravity 
of the aggregate. 

IP ,
IP

IP

VMA
VFA 100

VMA
a IPV−

=   (4) 

where Va,IP = the in-place air void content. 
As an initial step in developing the IVR, the as-

phalt mixture should be tested at several distinct 
volumetric conditions in terms of VMAIP and 
VFAIP. A previous study by Wang et al. (2019) sug-
gests that four volumetric conditions are sufficient to 
develop the IVR for a given mixture. These condi-
tions are referred to as the ‘four corners’ because 
they represent the furthest points from each other 
within the quadrangular range of the volumetric 
conditions, as illustrated in Figure 1. 
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Figure 1. Four corners methodology: Changes in VMAIP and 
VFAIP based on mixture properties. 

 
To achieve these four corners, two gradations, fine 
side and coarse side of the job mix formula grada-
tion, are developed by modifying the proportions of 
the aggregate stockpiles to fully encompass the vari-
ation of the gradation in the field-constructed pave-
ment. Additionally, the binder content is adjusted 
based on the design samples for each modified gra-
dation. In these four corners, the binder content typi-
cally is adjusted to target design air voids of 3% and 
5%, while the air void content of the test specimen is 
varied to target 3% and 7%. 

These three parameters (gradation, binder con-
tent, and air void content) are then combined to cre-
ate four new conditions designated as FF33, FF57, 
FC33, and FC57. In this naming convention, the first 
two letters represent the original gradation type and 
the modified gradation type relative to the original 

(F is fine, C is coarse). The first digit indicates the 
percentage of the design air void content that corre-
sponds to the total asphalt content in the mixture, 
and the second digit represents the percentage of the 
air void content of the test samples. 

2 MATERIALS 

This research team utilized eight different mixtures 
sampled from various locations: MN12.5, 
NC9.5B50RAP, NC9.5C, NC9.5D, NC19.0, 
MD12.5, FL12.5, and IN9.5. The letter at the begin-
ning of each designation indicates the state where 
the mixtures are used, while the digits represent the 
nominal maximum aggregate size of the mixture. 
Each mixture features a distinct binder content and 
gradation. Figure 2 presents the gradations of all 
eight mixtures in a single plot. Most of the mixtures 
are fine-graded, except for MN12.5, MD12.5, and 
IN9.5. 
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Figure 2. Gradations of eight mixtures used in study. 

3 METHOD 

3.1 Volumetric Domain for Four Corners 
The four corners selected in all the mixtures except 
NC9.5C and IN9.5 were FF33, FF57, FC33, and 
FC57. Adjustments to the design air voids or test air 
voids were made to NC9.5C and IN9.5 in order to 
increase the sensitivity of the mixes to the binder 
content or air void content. 

3.2 AMPT Testing and IVR Development 
The dynamic modulus and cyclic fatigue tests were 
conducted in accordance with AASHTO TP132 and 
T 411, respectively. Asphalt mixtures tested include 
four corner samples (F33, F57, C33, and C57), addi-
tional lab-mixed lab-compacted (LMLC) samples 
(F44, C44, and the Superpave volumetric optimum, 
or SVO), and plant-mixed lab-compacted (PMLC) 
samples. The AMPT test results were input into 
FlexMATTM to determine the Sapp value. The IVR 
function was developed using multilinear regression 
with the Sapp values and volumetric properties of the 
four corner samples in Excel, utilizing the 



‘=LINEST’ function. The remaining LMLC samples 
and PMLC samples then were used to verify the IVR 
function and evaluate its prediction performance. 

4 RESULTS AND DISCUSSION 

4.1 IVR Using VMAIP and VFAIP 
Table 1 presents the calibration results for the eight 
different mixtures. 

 
Table 1. Calibration Results for Eight Mixtures. 

Mixture a b d 
MN12.5 0.940 3.700 -105.587 
NC9.5B50RAP 2.006 0.470 -53.407 
NC9.5C 2.207 0.488 -58.448 
NC9.5D 2.401 0.599 -51.413 
NC19.0 3.751 0.393 -69.698 
MD12.5 -0.017 0.126 5.360 
FL12.5 3.971 0.831 -103.531 
IN9.5 4.115 0.628 -94.092 

The IVR equations developed from the four-corner 
data were used to predict the Sapp values of the re-
maining LMLC samples and PMLC samples. Figure 
3 presents the prediction results. 
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Figure 3. Comparison between measured and predicted Sapp 
values using developed IVR equation for each mixture. 

 
Although the verification results in Figure 3 seemed 
reasonable, seven out of eight samples exhibited an 
incorrect trend for Sapp as a function of in-place air 
void content. Only the MD12.5 mixture displayed 
the correct trend. To overcome this issue, the re-
search team proposes two new, more intuitive pa-
rameters for the Sapp IVR: in-place air void content 
(Va,IP) and effective binder content (ACEff). 

4.2 IVR Using Va,IP and ACEff 
The two new parameters, Va,IP and ACEff, are more 
intuitive variables compared to VMAIP and VFAIP  
because the effects of these two variables can be di-
rectly represented in IVR. An increase in Va,IP will 
decrease the cracking index value, while an increase 
in ACEff will increase the cracking index value. One 
of the reasons to use VMAIP and VFAIP for the IVR 
was because the three primary factors affecting the 
asphalt mixture performance, i.e., aggregate grada-
tion, binder content, and air void content, can be 
captured by the VMAIP and VFAIP parameters. In 
the new set of Va,IP and ACEff parameters, the effect 
of aggregate is implicitly represented by Gse and Gsb 
that are used in calculating ACEff as shown in Equa-
tion (5). 

EffAC (100 ) se sb
b b b

se sb

G GP G P
G G

 −
= −  −  

 
 (5) 

where Pb = total asphalt content in mixture, Gb = 
specific gravity of binder (assume 1.03), Gse = effec-
tive specific gravity of the aggregate blend, and Gsb 
= bulk specific gravity of the aggregate blend. 

Revised IVR equation, Equation (6), were devel-
oped for all the eight mixtures using Va,IP and ACEff 
instead of VMAIP and VFAIP. Table 2 presents the 
calibration coefficients for the revised IVRs. 

, Effa b AC dapp n a IP n nS V=  +  +  (6)  

where an, bn, and dn = the fitting coefficients for Sapp.  
 
Table 2. Calibration Coefficients for Eight Mixtures 
Using Va,IP and ACEff. 

Mixture an bn dn 
MN12.5 -1.010 11.670 -31.400 
NC9.5B50RAP -0.258 6.537 -18.950 
NC9.5C -0.046 6.398 -19.640 
NC9.5D -0.530 6.978 -2.762 
NC19.0 1.419 9.286 -35.457 
MD12.5 -0.580 0.689 13.660 
FL12.5 0.356 13.300 -47.900 
IN9.5 0.955 11.010 -40.840 

The advantage of the new parameters is that the 
signs of the coefficients directly correspond to the 
trend of Sapp as a function of the variables. Specifi-
cally, the coefficient an represents the effect of air 
void content and should be negative whereas the co-
efficient bn represents the effect of binder content 
and should be positive. Although the trend of Sapp as 
a function of binder content aligns with expectations 
in all the mixtures, three out of eight mixtures 
(NC19.0, FL12.5, and IN9.5) still exhibited issues 
with the Sapp trend with regard to air void content. 

As mentioned earlier regarding the four corners 
concept, the four calibration points must exhibit a 
well-distributed pattern along the variables. For the 
three mixtures with the trend issues (NC19.0, 
FL12.5, and IN9.5), additional volumetric conditions 



were tested to allow for the selection of four new 
corners to redevelop the IVR equation. Figure 4 il-
lustrates the four corners that achieve the correct Sapp 
trend as a function of air void content. Note that the 
four points are distributed reasonably well in both 
Va,IP and ACEff axes.  
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Figure 4. New selected four corners to obtain well-distributed 
calibration points for air void content and effective binder con-
tent. 

 
New IVR equations were developed using the four 
new selected corners shown in Figure 4. Table 3 
presents the coefficients of the IVR equations based 
on these new corners, which align with the expected 
direction of the Sapp trend. 

 
Table 3. Calibration Results Obtained Using New 
Selected Corners. 

Mixture an bn dn 
NC19.0 -0.321 6.564 -12.316 
FL12.5 -1.176 8.026 -14.488 
IN9.5 -1.194 4.617 5.187 

The prediction results of the IVR equation devel-
oped with the new parameters were compared 
against the measured Sapp values in Figure 5. The 
prediction results for the IVR using Va,IP and ACEff 
in Figure 5 show minimal differences when com-
pared to those using VMAIP and VFAIP in Figure 3. 
Percent errors averaged for all the eight mixtures for 
the calibration, LMLC prediction, and PMLC pre-
diction using the new IVR are 5.0%, 17.9%, and 
10.1% respectively, whereas percent errors using the 
original IVR are 5.9%, 11.1%, and 11.6%. However, 
considering the ultimate goal of the IVR, i.e., the ac-
curate prediction of the mixture performance of field 
construction, the research team recommends the use 
of Va,IP and ACEff as the volumetric variables in the 
IVR equation. 

5 CONCLUSION 

Eight different asphalt mixtures were tested using 
the dynamic modulus and cyclic fatigue tests to de-
termine the Sapp values. VMAIP and VFAIP at four 
different volumetric conditions were used along with 
the Sapp values to develop the IVR equation. Alt-

hough the verification results using the LMLC sam-
ples at volumetric conditions different from the four 
corners and the PMLC samples at in-place air voids 
showed a reasonable agreement between the meas-
ured and predicted Sapp values, the Sapp values pre-
dicted from the IVR function showed an incorrect 
trend as a function of air void content for three out 
of eight mixtures. 

To address the issues identified in the original 
IVR equation that uses VMAIP and VFAIP, the re-
search team developed and utilized Va,IP and ACEff to 
redevelop the IVR equation. This approach success-
fully resolved the problems with the Sapp trend as a 
function of air void content and, with the additional 
reconfiguration of the four corners, improved the 
PMLC mixture verification results. These findings 
suggest that Va,IP and ACEff should be used in devel-
oping the IVR equation. 

 

 

  

  

  

  

  

  

             

  
  

   
  

  
 
 
 

             

           
   
                 
                 

 

 

  

  

  

  

          

  
  

  
  

  
 
 
 
 

             

           
   
                 
                 

MN12.5

 

  

  

  

  

  

  

             

  
  

  
  

  
 
 
 
 

             

           
   
                 
                 

NC9.5B50RAP

  

  

  

  

  

  

  

  

                

  
  

   
  

  
 
 
 

             

           
   
                 
                 

NC9.5C

 

 

  

  

  

  

  

  

  

                

  
  

  
  

  
 
 
 
 

             

           
   
                 
                 

NC9.5D

 

  

  

  

       

  
  

  
  

  
 
 
 
 

             

           
   
                 
                 

NC19.0 MD12.5

FL12.5 IN9.5

 
Figure 5. Comparisons of measured Sapp and predicted Sapp us-
ing new parameters in IVR equation. 
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1.2 
ADVANCES IN THE MODELING OF 

PAVEMENT CONSTRUCTIONS 



1 INTRODUCTION 

1.1 Background 
Regardless of the new technologies implemented in 
paving works, such as intelligent compaction (IC) and 
paver-mounted thermal profiling (PMTP), there re-
mains some uncertainty regarding the final density of 
the compacted asphalt layer.  

In the field, compaction depends on several fac-
tors, with the most important being compaction tem-
perature, compaction energy, and the mixture proper-
ties. During compaction, the asphalt mixture 
undergoes a cooling process driven by several envi-
ronmental conditions, including air temperature, 
wind, solar radiation and precipitation (Bijleveld et al. 
2016). Regarding heat loss, the thickness of the layer 
being paved and the temperature of the layer beneath 
also have an influence (MultiCool 2024). The com-
paction energy will be a function of the type of roller, 
its configuration and the number of passes given. In 
fact, more important than the total number of passes 
is the timing (i.e. temperature compaction window) at 
which they occur.  

In terms of mixture properties, due to the selected 
materials and composition, some mixtures will have 
better compactability than others (Francken & Leon-
ard 2002, Margaritis et al. 2023). Ideally, this behav-
ior should be identified in the laboratory beforehand. 
To evaluate compaction in the laboratory, the gyra-
tory compactor (EN 12697-31 and ASTM D6925) is 
one of the most commonly used methods. This test 
provides a dataset that shows the relation between 

compacity and the number of gyrations (energy). In-
short, compacity is equal to 100 minus the volume of 
air voids (in %). The European approach is that at cer-
tain energy levels (typically, 60, 100 or 120 gyr, de-
pending on the mixture type), air voids are quantified 
and checked against the thresholds set in specifica-
tions. 

In a simplified manner, laboratory compaction is 
approximately a continuous process (all compaction 
energy is applied at constant temperature and in a 
very short period), whereas field compaction is more 
of a discrete process (every roller pass happens at a 
different temperature with occasionally several 
minutes break between passes).  

In brief, standard laboratory compaction ignores 
mixture cooling, roller differences and the effect of 
the underlaying road structure. Part of the uncertainty 
around field compacity can be explained by this miss-
ing link between laboratory and field compaction. 

1.2 Motivation and objective 
The main motivation of this work is to predict field 
compacity based on laboratory data in order to pre-
vent and to explain field compaction failures more 
quantitatively. 

The objective is to develop a numeric model that 
helps bridge the gap between laboratory and field 
compaction. The model should clearly identify the 
risk of compactability problems and demonstrate how 
different field compaction scenarios may help miti-
gate or exacerbate this risk. 

From gyratory data to field compacity – a numeric model 

J. Crucho, A. Margaritis, T. Tanghe, B. Duerinckx, B. Beaumesnil, S. Vansteenkiste, A.
Vanelstraete
Belgian Road Research Centre (BRRC), Brussels, Belgium 

ABSTRACT: The compaction of an asphalt mixture is a dynamic process influenced by various factors, includ-
ing mixture properties, cooling rate and timing of the roller passes. At times, the target compacity may not be 
reached or achieved inefficiently. Laboratory compaction tests, done at constant temperature and energy level, 
often fall short in predicting real field compaction. To bridge the gap between laboratory and field compaction, 
a numerical model designated as Field Compacity Model (FCM) is proposed. The FCM is based on gyratory 
data and integrates field specificities by accounting for the mixture's cooling curve, roller types, number of 
passes and their timing. The objective of the FCM is to identify potential risks of field compaction issues at an 
early stage in an accessible and efficient manner. Following an initial verification stage, the model was used to 
estimate field compacity in three practical case studies, where it showed good predictive performance.  



2 GYRATORY COMPACTION AND THE 
SIGMOIDAL MODEL 

To study the workability and compactability of as-
phalt mixtures, the analysis of compaction data – par-
ticularly the gyratory compactor – has gained wide-
spread attention. An advantage of the gyrations-
compacity curve is that it captures all the specific 
characteristics of the asphalt mixture (binder content, 
binder grade, aggregate geometry, grain size distribu-
tion, etc.). However, drawing conclusions from the 
raw data can be quite challenging. Therefore, the use 
of fitting models can be very helpful.  

The sigmoidal model (Equation 1), proposed by 
Moutier (1996), fits the gyrations-compacity data in a 
log-linear scale using a sigmoid curve.  

𝐶 =
𝐶0+𝐶∞×𝛽4×𝑁𝑔

𝛽3×(𝐶∞−𝐶0)

1+𝛽4×𝑁𝑔
𝛽3×(𝐶∞−𝐶0)

(1) 

where Ng = number of gyrations; C = compacity at Ng; 
C0 = lower asymptote; C∞ = upper asymptote; β3 and 
β4 are shape parameters associated with the slope and 
inflection point of the curve. 

This four parameters (further designated as sig-
moidal parameters) – C0, C∞, β3 and β4 – drive the be-
havior of the curve and allow the determination of im-
portant characteristics, such as the position of the 
compaction inflection point (CIP) and the slope of the 
curve at the CIP. 

Earlier work quantified the repeatability and repro-
ducibility of the sigmoidal parameters and concluded 
that the sigmoidal model provides a good fitting, 
showing low root mean squared errors (Crucho et al. 
2024). 

However limited to the laboratory conditions, the 
analysis of the sigmoidal parameters can give clear 
indications regarding the workability and compacta-
bility of a specific asphalt mixture. Two interactive 
diagrams – C0-CCIP and β4/β3-β3 – provide an easy-to-
follow visual representation (Margaritis et al. 2023). 

3 MODEL TO PREDICT FIELD COMPACITY 

3.1 Model 
The field compacity model (FCM) assumes the en-
ergy-compacity law as defined by the gyratory com-
paction test and is based on the sigmoidal fit. To ac-
count for different roller loads (vertical pressure) and 
mixture cooling (compaction temperature) several 
gyrator tests were performed (temperatures of 150, 
135, 120, 105 and 90°C, and vertical pressures of 200 
and 600 kPa) and respective sigmoidal parameters de-
termined. The evolution of the sigmoidal parameters 
within the range of temperature and vertical pressure 
was established through linear regression. Finally, by 
interpolation, each sigmoidal parameter was deter-
mined for the desired temperature and vertical pres-
sure. Thus, an infinite number of sigmoidal curves 

can be generated, matching the temperatures and 
compaction pressures applied in the field. 

To predict field compacity through the sigmoidal 
curve, the number of roller passes have to be con-
verted into number of gyrations. To tackle the variety 
of rollers and compaction configurations, it is pro-
posed the concept of equivalent number of loads 
(ENL). In static compaction, ENL is the number of 
axle passes over a certain point, and when vibration 
is applied, a factor of 1.43 is used to account for the 
dynamic effects. Following, ENL are converted into 
number of gyrations considering an axle type factor 
k, equal to eight for steel drums and four for pneu-
matic tire axles. The vertical pressure given by each 
axle was estimated through the manufacturer’s tech-
nical specification.  

The FCM predicts field compacity by analyzing 
the sequence of compaction actions applied to the 
pavement in a step-by-step manner. Initially, the ef-
fect of the paver (n = 0), which provides some degree 
of compaction, is assumed equivalent to four gyra-
tions (Ng0 = 4) at 150 kPa, with the corresponding 
compacity determined using Equation 2. Subse-
quently, for each roller pass (n), FCM predicts com-
pacity using Equation 2 and Equation 3. 

𝐶𝑃𝑛 =
𝐶0𝑛+𝐶∞𝑛×𝛽4𝑛×𝑁𝑔𝑛

𝛽3𝑛(𝐶∞𝑛−𝐶0𝑛)

1+𝛽4𝑛×𝑁𝑔𝑛
𝛽3𝑛(𝐶∞𝑛−𝐶0𝑛)

(2) 

𝑁𝑔𝑛 = 𝑘𝑛 × 𝐸𝑁𝐿𝑛 + 10

(

log
𝐶𝑃𝑛−1−𝐶0𝑛

𝛽4𝑛(𝐶∞𝑛−𝐶𝑃𝑛−1)

𝛽3𝑛(𝐶∞𝑛−𝐶0𝑛)
)

(3) 
where n = roller pass number; Ngn = number of gyra-
tions at n; CPn = compacity at n; C0n, C∞n, β3n and β4n 
are the sigmoidal parameters determined for the con-
ditions (temperature and vertical pressure) of pass n; 
ENLn = equivalent number of loads corresponding to 
pass n and kn = axle type factor. 

To practicaly demonstrate the FCM-approach, 
Figure 1 presents a simple example with three roller 
passes (at 135, 120 and 90°C). 

Figure 1. Example of gyrator curves obtained at different tem-
peratures and compacity evolution according to the FCM. 
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3.2 Initial verification 
The initial validation of the model was made through 
a job site monitored by the BRRC. During laying and 
compaction, data about the number of passes, mid-
layer temperature and density of the mixture after 
each pass was collected. A 4 cm surface layer of con-
ventional hot mix asphalt (AC 10) was paved. At this 
job site, the compaction started (at 135°C) with a 
pneumatic-tire roller (6 passes) and then with a three-
wheeled steel drum roller (12 passes). The vertical 
pressures were 230 and 520 kPa for the axles of the 
pneumatic-tire roller and the three-wheeled steel 
drum roller, respectively. The final pass was at 70°C. 
In the laboratory, gyratory tests were conducted fol-
lowing the program indicated in § 3.1. 

Figure 2 shows the FCM prediction and the respec-
tive field compacity. Field compacity was calculated 
based on field density measurements taken with a 
Troxler nuclear density gauge. The repeatability and 
reproducibility of the nuclear density gauge were de-
termined to be 39 and 42 kg/m3, respectively 
(Duerinckx & Vanelstraete 2021), resulting in a vari-
ability of approximately ± 1.6% in compacity. In Fig-
ure 2 the grey dashed lines represent the measured 
value ± repeatability. The point where a temperature 
of 90°C was reached, is also indicated. Below 90°C 
(all points to the right of the red dashed line), the val-
ues of the sigmoidal parameters were obtained by ex-
trapolation. On this jobsite, the density at ENL=0 (af-
ter the paver and before the 1st roller pass) was not 
measured. In general, FCM predicted well field com-
pacity. A limitation of this approach is that the over-
compaction effect is not considered. In the field, den-
sity can start to decrease if the compaction effort is 
too high or happens under too low temperatures. Cau-
tion should be taken when using FCM for such con-
ditions. 

4 CASE STUDIES 

4.1 Mixture AC 14 surf 
Following the approach described in § 3.2, BRRC 

monitored another job site (Francken & Leonard 
2002) where the paved mixture was a 5 cm thick con-
ventional AC 14. At this site, only the static three-
wheeled roller was used (similar to the one used in the 
previous case). In total, 18 roller passes were applied. 
The first pass occurred at 130°C and the final pass at 
56°C. With respect to the gyrator data, as information 
for this exact mixture was not available, a similar 
mixture from the BRRC database, and respective 
temperature sensitivity, was used. In this case, the 
vertical pressure sensitivity was assumed equal to the 
previous AC 10 mixture. Figure 3 presents the results 
of the model. Regardless of the considered simplifi-
cations, the overall prediction was acceptable. 

Figure 2. Measured compacity and prediction of the FCM for the 
case of an AC 10 surface layer. 

Figure 3. Measured compacity and prediction of the FCM for the 
case of an AC 14 surface layer. 

4.2 Mixture AC 16 base 
In the literature, Bijleveld et al. (2016) reported field 
compaction data for an 8 cm thick base layer (mixture 
AC 16) compacted by a 10 ton combined roller (pneu-
matic tire front axle and steel drum rear axle). How-
ever, no gyratory data were reported. To bypass the 
lack of data, a similar mixture was found in the BRRC 
database, and the respective gyrator data used here. 
Also, the temperature and vertical pressure sensitivity 
were assumed. The FCM prediction is presented in 
Figure 4. 

4.3 Mixture AC 20 base 
Another case study is an AC 20 base mixture that in 
the field (6 cm thick layer) presented problematic 
compaction. Some deviations during the production 
process led to a mixture with a low binder content and 
the respective gyratory specimens revealed 11.5% air 
voids (at Ng=60).  
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Regarding field compaction, only the type of rollers, 
production temperature, date and time of the day were 
known. In this case, MultiCool (2024) was used to 
generate the cooling curve. The number of passes was 
estimated based on our experience and the usual 
workflow of that contractor. The gyratory data was 
obtained, but only at a compaction temperature of 
150°C. Thus, the temperature and vertical pressure 
sensitivity were assumed. Despite the lack of accurate 
field monitoring and all the necessary assumptions, 
the FCM predicted the insufficient final compacity 
well (Fig. 5). FCM predicted 85.9% of compacity 
where field cores showed an average of 85.3%. 

 
 

 
 
Figure 4. Measured compacity and prediction of the FCM for the 
case of an AC 16 base layer. 

 
 

 
 
Figure 5. Final compacity and prediction of the FCM for the case 
of an AC 20 base layer. 

5 CONCLUSIONS 

The FCM was able to predict field compacity well for 
a variety of asphalt mixtures and field compaction 
conditions, including a mixture with known compac-
tion problem. This highlights the ability of the model 

to pinpoint mixtures with potential problematic com-
paction, facilitating the study of new mixture compo-
sitions and/or additives (e.g. WMA production). 

When gathering all gyratory data (compaction un-
der different temperatures and vertical pressures) is 
not possible, the use of generic parameters can be 
considered. In the analyzed case studies this approach 
gave acceptable results. 

By using mixture cooling models and rollers prop-
erties, the FCM enables the simulation of an infinite 
variety of field scenarios in a rapid manner. 

Despite the positive conclusions reached thus far, 
the FCM should be further validated with additional 
cases of problematic compaction. Future research 
should also explore other mixture types, such as stone 
mastic asphalt and porous asphalt, and further inves-
tigate the effects of temperature and vertical pressure 
sensitivity depending on the mix type. 
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1 INTRODUCTION 

Due to the drastic increase in traffic expected in the 
coming years and the negative effects of global 
warming, asphalt pavements will be exposed to 
higher stresses. In order to investigate and assess the 
consequences of these influences, existing model de-
scriptions must be adapted and further developed. 

Usually asphalt pavements are divided into differ-
ent layers for economic and technical reasons. As a 
rule, these are the asphalt surface course, asphalt 
binder course and asphalt base course. The individual 
layers should or must form a compact structure that 
functions as a unit. This is the only way to ensure a 
long service life and a high level of road safety. This 
task is performed by the layer bond, which represents 
the connection between the individual asphalt layers 
and is achieved through the interaction of friction, 
layer bonding and interlocking at the layer bounda-
ries. An intact layer bond makes the road construction 
more resistant to cracks, deformation, wear and tear. 
This results in a longer service life and lower mainte-
nance costs. 

In order to evaluate this connection between the 
individual asphalt layers with regard to dimensioning 
and predicted service life, it is necessary to include 
the layer bond realistically in the mathematical fore-
cast. In Germany, the dimensioning and prediction of 
the service life is based on the guideline “Richtlinien 
für die rechnerische Dimensionierung des Oberbaus 
von Verkehrsflächen mit Asphaltdeckschicht - RDO 
Asphalt 09” (FGSV 2009) using the multi-layer the-
ory. The layer bond between the different asphalt lay-
ers is assumed to be “full layer bond”, “reduced layer 
bond” or “no layer bond” here. 

However, it has been shown that influencing fac-
tors must be taken into account for a comprehensive 
evaluation of the layer bond. Against this back-
ground, the Dresden Dynamic Shear Tester was de-
veloped at the TU Dresden, Institute of Urban and 
Pavement Engineering, which takes into account the 
temperature, the load frequency and the normal stress 
to describe decisive parameters of friction, layer 
bonding and interlocking. The result is a shear stiff-
ness modulus. 

Due to the model limitations of the multi-layer the-
ory and the non-linear properties of the model for de-
scribing the results of the Dresden Dynamic Shear 
Tester, it was necessary to develop an extended or 
new calculation approach. This is the first time that a 
model describing the shear stiffness as a function of 
various parameters has been implemented in a finite 
element model. This allows the influence of the layer 
bond on the expected service life of asphalt pave-
ments to be realistically analyzed and evaluated. 

2 TEST DEVICE AND TEST PROCEDURE 
OF THE DRESDEN DYNAMIC SHEAR TEST 

2.1 Test device 
During the test, a cyclic shear load was applied in the 
vertical direction and an alternating static normal ax-
ial load in the horizontal direction. The specimen, 
fixed in steel adapters, was inserted into the device 
and fixed in two shear jaws so that a half of the spec-
imen was in each of the shear jaws (see Figure 1). The 
distance between the jaws was 1.0 mm as defined by 
the steel adapters of the specimen. The steel adapters 
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were screwed into the jaws so that movement of the 
specimen in the device was virtually impossible. 

The shearing load was applied to the lower layer 
of the specimen by a hydraulic cylinder of the servo-
hydraulic testing machine via the vertically movable 
shearing jaw. The upper layer of the specimen was 
held by the fixed shear jaw. The normal axial pressure 
was applied to the back of the asphalt specimen by a 
pneumatic cylinder through a steel plate. 
 

 
 
Figure 1. Mechanical model of the Dresden Dynamic Shear 
Testing device (Canon Falla et al. 2018). 

2.2 Test procedure 
The cyclic shear stiffness tests are carried out on the 
basis of an extensive test program with a wide range 
of influencing parameters. The test device developed 
in 2007 at the Chair of Pavement Engineering at TU 
Dresden, which maps the factors influencing the layer 
bond, namely temperature, normal stress, load fre-
quency and shear displacement, has been further de-
veloped and optimized over time. 
 

 
 
Figure 2. Test program of the Dresden Dynamic Shear Test. 

Figure 2 shows the current test procedure, where 
each test specimen is subjected to a multi-stage test at 
combinations of four different test temperatures 
(-10 °C, 10 °C, 30 °C, 50 °C), five normal stresses 
(0 MPa, 0.15 MPa, 0.3 MPa, 0.6 MPa, 0.9 MPa), five 
test frequencies (0.1 Hz, 0.3 Hz, 1 Hz, 3 Hz and 
10 Hz) and a temperature dependent set of maximal 
five shear displacements. If the needed testing force 
exceeds 7 kN, the test of this stage will be interrupted 
and the next combination will be tested. The shear 
displacements to be applied vary for the test temper-
atures from 10 µm to 50 µm at -10 °C and from 
10 µm to 130 µm at 50 °C. 

A test shall begin at: temperature -10 °C; normal 
stress 0 MPa; frequency 0.1 Hz and shear displace-
ment 10 µm. Finally, the test ends at: temperature 
50 °C; normal stress 0.9 MPa; frequency 10 Hz; shear 
displacement 130 µm. 

3 MODELLING THE LAYER BOND 

After changing the test procedure, the influence of the 
shear displacement on the shear stiffness has to be 
taken into account. Therefore, the aim was to develop 
a model function which includes this dependency in 
addition to the parameters temperature, frequency and 
normal stress. The derivation of this model approach 
has already been described in Gerowski et al. (2024) 
and in detail it will be part of Gerowski (unpubl.).  

Equation 1 is composed of three summands, where 
each summand can be interpreted as one of the main 
influences on the layer bond: the quasi constant inter-
locking, the temperature and frequency dependent 
layer gluing and the normal stress dependent friction. 

After evaluation of the measured test values the 
best fitting results were achieved by including the 
shear displacement in the friction part of the equation, 
which also represents the bituminous part of the layer 
bond. 

𝐺𝑆 = 𝐺𝑆𝑚𝑖𝑛
+

𝐺𝑆𝑚𝑎𝑥−𝐺𝑆𝑚𝑖𝑛

1+𝑒(𝑎∙𝑥∗+𝑏∙𝑠+𝑐) + 𝑑 ∙ 𝜎𝑁  (1) 

with 

𝑥∗ =
𝜑∙(

1

𝑇+273.15
 − 

1

𝑇0+273.15
)+𝑙𝑛(𝑓)

𝑙𝑛(10)
  (2) 

where GS = shear stiffness; GSmin = minimal shear 
stiffness; GSmax = maximal shear stiffness; 𝑠 = shear 
displacement; σN = normal stress; φ = material-spe-
cific parameter; T = current temperature; T0 = refer-
ence temperature; f = load frequency; and a,b,c,d = 
stiffness parameters. 

The quality of the fitting is shown in Figure 3 by 
comparing all measured and the corresponding re-
gression values of an exemplary test. With this repre-
sentation the quality of the fit can be seen and it is 
confirmed by the coefficient of determination R², 
which is almost 1 (0.9971) here. 

(1) Shear Box 
(2) Specimen lower layer 
(3) Specimen upper layer 
(4) Interlayer zone (t = 1 mm) 

Cyclic shear 
load 

  Axial load 



Figure 3. Correlation of measured (Gs) and calculated (Gs,fit) 
shear stiffness values. 

Another possibility of presenting the quality of the 
agreement is the comparison of the measured test val-
ues and the fitted area function. Figure 4 shows the 
area function of the exemplary result for the normal 
stress of 0 MPa. For other normal stresses the shape 
of the area function is equal but, due to the normal 
stress dependent term of Equation 1, linearly shifted. 
Minor deviations between the measured and the cal-
culated values could be due to measurement uncer-
tainties or unmodeled influences, but appear negligi-
ble. Overall, it can be seen that this model provides a 
solid basis for predicting shear stiffness tested with 
the Dresden Dynamic Shear Test.  

Figure 4. Area function of shear stiffness calculated with the fit-
ted parameters of Equation 1 (red dots) and the measured values 
(blue dots) at the normal stress of 0 MPa. 

The values of x* of Equation 2 represent the tem-
perature und frequency behavior of the layer bond. In 
the area function of Figure 4 high x*-values, i.e. at 
low temperatures or high load frequencies, mean high 
shear stiffnesses and low x*-values (high tempera-
tures or low load frequencies) results in shear stiff-
nesses of nearly 0 MPa. At both extremas there are 
nearly no dependency of the shear displacement. In 

between the thermal and frequency properties of the 
layer bond are in a state in which the shear displace-
ment has a noticeable influence on the material be-
havior – due to for example a different amount of vis-
cosity.  

Based on these findings, the model approach was 
integrated into a finite element model that not only 
calculates the stresses and strains in the asphalt pave-
ment, but also computes the expected service life of 
different asphalt layers, taking into account the pa-
rameters of temperature, normal stress, frequency and 
shear displacement. 

4 SERVICE LIFE FORECAST FOR SELECTED 
LAYER BONDS 

4.1 Model assumptions 
An axially symmetrical finite element pavement 
model with a model radius of 2.5 m and three asphalt 
layers (4 cm, 8 cm, 22 cm), an unbound base course 
(51 cm) and a subgrade (200 cm) was constructed to 
analyse stresses and strains as a function of different 
interlayer bond conditions.  

The stiffnesses of the asphalt layers were calcu-
lated as a function of temperature, while the stiff-
nesses of the unbound layers were assumed to be con-
stant. To calculate the service life of a pavement 
structure in accordance to the German design guide-
line RDO Asphalt 09 (FGSV 2009), 143 strain condi-
tions due to different temperature conditions and 
wheel loads as well as a high number of load changes 
were taken into account. 

4.2 Results 
The aim of this prognosis calculations is to investi-
gate the influence of the layer bond on the service life 
of the asphalt pavement, in this case of the asphalt 
base course. Therefor the two layer bonds between 
the three asphalt layers were varied, all others are 
completely excluded as specified in the guideline. 

The analyzed layer bonds were the same for both 
interlayers and they were the theoretical extremes of 
“full layer bond” and “no layer bond” as well as “high 
layer bond” and “low layer bond”, which were se-
lected from a large number of previously conducted 
tests. The theoretical layer bonds are not realistic, but 
they were selected for comparison with the results 
calculated in accordance with the guideline. 

Figure 5 is a qualitative example and shows the as-
phalt condition for a single load case (surface temper-
ature 47.5 °C, wheel load 11 t) as a cross-section 
through the construction with the load axis on the left-
hand side. The four subfigures illustrate how the as-
phalt construction reacts due to a decreasing quality 
of the layer bonds using the example of the first prin-
cipal strains. With every quality step of the decreasing 
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layer bonds the maximum of the tensile strains in-
creases. The point of the maximum tensile strains in 
all four cases and under these exemplary circum-
stances is on the bottom of the asphalt surface layer 
next to the load area. 
 

 
 
Figure 5. First principal strains [‰] of the layer bond combina-
tions (a) “full layer bond”, (b) “high layer bond”, (c) “low layer 
bond” and (d) “no layer bond” for the temperature condition at 
47.5 °C and the wheel load of 11 t. 
 

For the calculation of the fatigue status of every 
asphalt layer the point of the maximum bending ten-
sile stress is decisive. In order to illustrate the influ-
ence of the layer bonds, the service life of the differ-
ent layer bond combinations were calculated for the 
asphalt base course. The progression of the fatigue 
statuses are shown in Figure 6 in relation to the “full 
layer bond”-variant and assuming a fatigue status of 
100 % and a service life of 30 years. The difference 
between the two realistic layer bond variants are 7 
years or +50 % related to the “low layer bond” vari-
ant. 

It is clearly visible that the quality of the layer 
bond between the asphalt layers got a major impact of 
the service life of asphalt layers. That’s why it is eco-
nomically and ecologically necessary to test the layer 
bond respectively use realistic layer bond models for 

dimensioning asphalt constructions and predicting 
the asphalt layer service life.  
 

 
 
Figure 6. Fatigue status at the bottom of the asphalt base course 
for different layer bond conditions between the three asphalt lay-
ers. 

5 CONCLUSIONS 

The further developed layer bond model was inte-
grated into a finite element model that takes into ac-
count the influences temperature, normal stress, fre-
quency and shear displacement. This makes it 
possible to calculate the service life as a function of 
the realistic layer composition based on test results. 
Thanks to this new approach, the non-linear behavior 
of the layer bond and its influence on asphalt pave-
ments can now be predicted more precisely. 
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ABSTRACT: Comparison of pavement design methods is essential for developing a universal approach 
adaptable to different regions of the world. Brazil and Austria have adopted Mechanistic-Empirical (M-E) 
methods: MeDiNa and RVS 03.08.68, respectively, for pavement design. This study compares these methods 
for low-traffic roads using Brazilian data. The analysis highlights key differences: MeDiNa provides 
customized designs, while RVS 03.08.68 simplifies low-traffic pavement design through pre-dimensioned 
solutions. RVS resulted in a wider pavement structure than MeDiNa, for the condition evaluated. Rutting 
analysis shows that the Austrian method results in lower deformation (1.57 mm after 120 months) than 
MeDiNa’s (2.27 mm after 120 months), as a consequence of the larger structure. A life-cycle assessment 
(LCA) is recommended to evaluate long-term economic and environmental impacts. This study contributes to 
the harmonization of international pavement design methodologies, aiming to promote more efficient and 
sustainable road infrastructure.  

1 INTRODUCTION 

In the last 20 years, several Mechanistic-Empirical 
(M-E) methods have been developed and 
implemented in different countries. For asphalt 
pavements, Brazil developed the New National 
Design Method (MeDiNa), whose implementation 
was initiated by the National Department of Transport 
Infrastructure (DNIT) (Franco & Motta, 2020). Also, 
in Austria a new M-E method has been developed, 
taking advantage of greater detail on the stiffness and 
fatigue properties of materials, as well as more 
information on traffic conditions (Eberhardsteiner & 
Blab, 2019). 

This work represents a preliminary report resulting 
from the collaborative efforts between Austria and 
Brazil in the development of new pavement design 
methodologies. The study seeks to identify 
similarities and differences between the Brazilian 
MeDiNa method and the Austrian RVS 03.08.68 
method, as well as how these methods can 
communicate with each other. Such comparisons play 
a crucial role in enabling the technical and scientific 
community to better understand the realities of 
different countries. This understanding paves the way 
for more comprehensive characterizations of traffic 
variables and material properties, fostering the 
continuous improvement of pavement design 
methods and their applicability to diverse 
environmental and operational conditions.  

This can support the adaptation of methodologies 
to distinct regions, promote the harmonization of 
design practices, and encourage future collaborative 
developments in pavement engineering. 

To this end, a comparison was made, primarily 
assessing low traffic conditions, weather, and 
material performance properties. Next, the 
interchangeability of the two methods was evaluated 
to adapt the Brazilian data for use in the Austrian 
method. Finally, a comparison of the final structures 
for low traffic resulting from both methods was 
conducted. 

2 COMPARISON OF THE MEDINA AND
RVS 03.08.68 METHODS 

To perform design based on M-E principles, three 
stages are considered: input data, structural analysis 
and performance, and output data. The procedures 
required by MeDiNa and RVS 03.08.68 for each step 
are outlined below. 

2.1 Input data  

The input data stage involves traffic, weather, and 
material data. In MeDiNa, traffic data is converted 
into an equivalent standard axle using load spectra 
and axle configurations. Load factors, axle factors, 
and vehicle factors are calculated to estimate the 
destructive effects of axle loads. The RVS 03.08.68 



method uses 11 vehicle classes, divided into groups, 
with parameters to determine total weight distribution 
and axle load distributions. Both methods require a 
design period, road lane configuration, and annual 
traffic growth rate. 

Regarding weather data, MeDiNa does not yet 
account for temperature and humidity effects in 
structural analysis, while RVS 03.08.68 divides the 
year into six representative temperature periods, with 
further difference between day and night, considering 
the temperature dependence of asphalt properties and 
traffic distribution. This results in 12 temperature 
periods, enabling realistic distributions in the 
pavement structure across two different geographical 
conditions in Austria.  

For materials, both methods rely on laboratory 
testing but differ in tests and calculations. MeDiNa 
includes tests for stabilized, granular, and subgrade 
materials, while RVS 03.08.68 classifies materials 
using a system based on particle size, shape, and 
resistance. Additionally, both MeDiNa and RVS 
03.08.68 utilize performance-related approaches to 
determine the stiffness and fatigue behavior of 
bituminous materials. 

2.2 Structural analysis and performance 

An M-E method uses computational resources to 
assess pavement structural responses for calculating 
lifetime damage. In MeDiNa, failures due to rutting 
and fatigue are considered, as these are the most 
common in Brazilian pavements. Although rutting is 
not calculated for the asphalt layer in MeDiNa, the 
method considers the Flow Number as a requisite for 
the mix design, to help prevent asphalt mixtures prone 
to rutting. In RVS 03.08.68 fatigue failure of 
bituminous materials is considered as a factor 
resistant to traffic loads.  

2.3 Output data 

MeDiNa presents reports detailing the monthly 
progression of fatigue and rutting, a summary of 
permanent deformations, and deflection basins, 
which are obtained through the Falling Weight 
Deflectometer (FWD) and the Benkelman Beam. 
However, RVS 03.08.68 reports whether the design 
of the pavement was accepted or rejected according 
to the data provided. 

3 PAVEMENT DESIGN METHODS 

The data obtained for Brazilian traffic, weather, 
and materials are directly used in the design of the 
pavement with the MeDiNa method. However, to 
carry out pavement design using the RVS 03.08.68 

method, it is necessary to establish equivalence 
between the two methods for these data. Below is a 
summary of the main steps of the procedure, as well 
as the data to be used in the Austrian design. 

3.1 Traffic data 

Brazilian traffic data for 2023 was obtained from 
the National Infrastructure Department (DNIT) 
website (DNIT, n.d.). The study focused on BR-020 
highways in Ceará, Brazil. 

The data allows for identifying vehicle axles but 
not the vehicles themselves, needing the selection of 
a vehicle class based on axle count. Unlike the 
Austrian method, the Brazilian design typically uses 
standard vehicle weights. This research applied 
current axle weights without considering tolerances 
permitted by Brazilian laws. 

Various Brazilian vehicle axle configurations are 
outlined in standards from agencies like DNIT 
(DNIT, 2006) and National Traffic Council 
(CONTRAN) (Brazil, 2021). The Brazilian vehicle 
classes and their similar Austrian counterparts are 
presented in Table 1. 

Table 1. Equivalent Vehicle Classes Adopted. 

Brazilian axle number Brazilian Austrian 
2 2C FK2-1 
3 2S1 FK3-3 
4 2C2 FK4-3 
5 2I3 FK4-7 
6 3D3 FK4-7 
7 3Q4 FK3-3 + FK4-3 
8 3M5 FK3-3 + FK4-7 
9 3T6 FK4-3 + FK2-1 + FK2-1 

Equivalence was based on the total weight of the 
Austrian vehicle to identify the Brazilian vehicle with 
the closest axle weight. For four Brazilian 
configurations with 6 to 9 axles, no similar 
configurations were found in Austria. In these cases, 
vehicles with the closest total weight were selected, 
ignoring axle weight distribution and count. 

Table 2 summarizes vehicle quantities and classes 
to use in the Austrian method, considering the low 
traffic data obtained in Brazil. 

Table 2. Brazilian vehicle quantities and classes 
adapted for the Austrian method. 

Austrian Vehicle Class BR-020 
FK2-1 5 
FK3-3 4 
FK4-3 1 
FK4-7 3 

AADTT 13 



It is important to highlight that the Brazilian 
method calculates the average daily traffic volume by 
accounting for all vehicles, whereas the Austrian 
equivalent Annual Average of the overall Daily Truck 
Traffic (AADTT) considers only heavy good vehicles 
(HGV) with gross weight above 3,5 t. The AADTT 
found (13) confirms the low volume of traffic. 

The Austrian method indicates that additional 
standards should be used for low-traffic roads, such 
as RVS 03.08.63 and RVS 03.03.81, which use 
pavements designed based on a standard axle 
(DESAL) (Equation 1). Table 3 presents the data used 
for DESAL determination for RVS, while Table 4 
shows the traffic data for the MeDiNa method. 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 ⋅  𝑅𝑅 ⋅ 𝑉𝑉 ⋅ 𝐷𝐷 ⋅ 365 ⋅ 𝑛𝑛 ⋅ 𝑧𝑧         (1) 

Table 3. Traffic data for RVS 03.03.81 

𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  (Average equivalent factor of vehicle 
category ) 1.6 

R (Traffic direction) 1 
V (Lanes per direction) 0,9 
S (Distribution of wheel tracking in one lane) 1 
n (Design life in years) 10 
ESAL/day (Average daily load application) 20,8 
z (Growth factor) 1.146388 
DESAL 39,166 

where, ESAL/day is obtained by multiplying 𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 
with AADTT. Furthermore, MeDiNa uses the 
number N based on the USACE method, which is 
described in Equation 2. 

𝑁𝑁 = 365 ⋅ 𝑉𝑉𝑉𝑉𝐷𝐷 ⋅ 𝐹𝐹𝑉𝑉 ⋅ 𝐷𝐷 ⋅
(1 + 𝑝𝑝)𝑛𝑛 − 1

𝑝𝑝
           (2) 

Table 4. Traffic data for MeDiNa 

Vehicle factor (FV) 1 
% Vehicles in the design lane (S) 100 

% Traffic growth rate (n) 3 
Period  (Design life in years) (p) 10 

Road Type local road 
N 9.96 ⋅ 105 

3.2 Weather data 

This design focuses on Fortaleza, the capital of 
Ceará in northeastern Brazil. Using INMET (2024) 
data from 2004 to 2023, it highlights minimal 
temperature variation while providing maximum, 
minimum, and pavement subgrade temperatures. 

To obtain the surface temperatures, presented in 
Table 5, the study conducted by the SHRP program 
(Asphalt Institute, 1994) was used, which allows for 
estimating the maximum pavement temperature (near 
the surface). 

Table 5. Temperature variation profile of Fortaleza, 
Brazil, for application in the Austrian method. 

PERIOD 

DEPTH (cm) 

Air 
Temperature 0 5 10 15 20 25 30 35 

1 27.96 48.26 38.44 32.60 29.76 27.98 26.70 25.73 24.96 

2 27.44 47.77 37.95 32.10 29.27 27.48 26.21 25.24 24.46 

3 27.30 47.63 37.81 31.97 29.13 27.34 26.07 25.10 24.33 

4 26.76 47.12 37.30 31.45 28.62 26.83 25.56 24.59 23.81 

5 27.25 47.59 37.77 31.92 29.09 27.30 26.03 25.06 24.28 

6 26.67 47.03 37.21 31.37 28.53 26.74 25.47 24.50 23.73 

7 27.14 47.48 37.66 31.82 28.98 27.19 25.92 24.95 24.18 

8 26.48 46.85 37.03 31.18 28.35 26.56 25.29 24.32 23.54 

9 28.06 48.36 38.53 32.69 29.86 28.07 26.80 25.82 25.05 

10 26.85 47.21 37.39 31.54 28.71 26.92 25.65 24.68 23.90 

11 28.59 48.87 39.05 33.20 30.37 28.58 27.31 26.34 25.56 

12 27.36 47.69 37.86 32.02 29.19 27.40 26.13 25.16 24.38 

3.3 Materials data 

Table 6 presents the material data to be used for 
low traffic pavements, for both methods.   

Table 6. Characterization of Brazilian materials for 
applications in the RVS (Elastic Modulus) and 
MeDiNa (Resilient Modulus) 

Materials Layer Period 
 Elastic 

Modulus 
Resilient 
Modulus 

MN/m² 

Silty Soil Subgrade (Jan -Jun) 105 189 (Jul-Dec) 205 
Fine Sandy 
Soil Base Entire 

year 331 494 

Double 
Surface 
Treatment 

Surface Entire 
year 

Standard 
material 1000 

It is worth noting that for low-traffic conditions in 
Brazil, a double surface treatment is used, and, 
according to RVS 03.08.68, no equivalent layer is 
specified. 

4 DESIGNED PAVEMENT STRUCTURES 

It was observed that the RVS 03.03.81 specifies a 
base layer with a thickness of 40 cm, complemented 
by an asphalt surfacing layer. In contrast, the MeDiNa 
method proposes a 15 cm thick base layer combined 
with a 2 cm double surface treatment as the surfacing. 
It is important to note that, according to the Austrian 
design model, the thickness of the surface treatment 
layer is not specified. This is why the layer is 
graphically represented in Figure 1 for MeDiNa only. 



Figure 1. Structures of pavement designed 

Moreover, the MeDiNa software was applied to 
the designed structures for the analysis of rutting. 
Table 7 presents the results obtained, highlighting the 
performance of the pavement layers under the 
expected traffic conditions. The rutting analysis was 
performed based on the structural configuration, 
providing insights into the deformation behavior of 
the materials used. As expected, RVS design resulted 
in lower rutting than MeDiNa, due to the wider 
thickness. Nevertheless, both results may be 
considered low, compared to the failure criteria for 
low volume road in MeDiNa (20 mm for local roads) 
(Franco & Motta, 2020). 

Table 7. Rutting Analysis Results 

Pavements designed Period (Month) Rutting (mm) 

RVS 03.03.81 
30 1.36 
60 1.46 

120 1.57 

MeDiNa 
30 2.27 
60 2.40 

120 2.53 

 Finally, fatigue analysis was not conducted for 
these pavement designs, as the low traffic volume 
requires the use of a double surface treatment as the 
wearing course, which is not prone to fatigue due to 
its small thickness. Consequently, the Medina 
software does not evaluate fatigue in surface 
treatment layers, whether in terms of cracked area or 
other fatigue-related parameters. 

5 FINAL CONSIDERATIONS 

The comparison between the Brazilian MeDiNa 
method and the Austrian RVS 03.08.68 method 
highlighted key differences in pavement design for 
low-traffic conditions: MeDiNa uses tailored 
solutions for all traffic levels, while the Austrian 
method simplifies low-traffic design with pavements 
designed based on a standard axle, reserving detailed 
analysis for higher traffic volumes; MeDiNa provides 
customized designs based on detailed analysis, 

whereas the Austrian method offers standardized, 
efficient solutions for low-traffic roads; the Austrian 
method results in a thicker base layer, which, 
although initially more costly, may be more durable 
and require less maintenance, as suggests the lower 
rutting observed. A life-cycle assessment (LCA) is 
recommended to evaluate long-term economic and 
environmental impacts, helping to identify the most 
sustainable and cost-effective approach. 

These findings show the strengths of both 
methods: MeDiNa excels in adaptability and detailed 
analysis, while the Austrian method emphasizes 
simplicity and efficiency for low-traffic roads. The 
study is being expanded to include comparisons for 
medium and high-traffic volumes, aiming to offer 
more insights into the methods' effectiveness in 
different traffic scenarios. This will help guide better 
decision-making for pavement design across varying 
road usage levels. 

Initiatives like this comparison of design 
methods are essential for the evolution of a universal 
pavement design method that could be generic for all 
locations while allowing the necessary adaptations 
for each specific situation. 
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1 GENERAL INSTRUCTIONS 

Roller-compacted concrete (RCC) is a dry concrete 
mix that can be placed using an asphalt paver and 
compacted with rollers (Vaitkus et al., 2022). Char-
acterized as a no-slump concrete, RCC achieves 
high strength levels through compaction and aggre-
gate interlock (Chhorn et al., 2018). While its con-
sistency is comparable to that of conventional con-
crete, RCC differs in its mix proportions (Vaitkus et 
al., 2021; Rambabu et al., 2023). 

To ensure optimal performance of RCC pave-
ments, a strong foundation for the RCC top layer is 
crucial. In Lithuania, RCC pavement structures typi-
cally incorporate a base stabilized with cement and 
special additives. This stabilized base is designed to 
endure traffic loads and environmental stresses ef-
fectively. The primary goal of stabilization is to en-
hance the bound layer's performance by incorporat-
ing a relatively high cement content, often up to 
10% (Yeo, 2011). Additionally, hydrothermal condi-
tions have minimal impact on the bearing capacity 
of RCC pavement structures with stabilized subbase 
and base layers when built on a water-permeable 
subgrade (Vaitkus et al., 2022). 

Design of the pavement structures are based on a 
mechanistic–empirical pavement design method. 
The procedure incorporates mechanistic components 
such as load, stresses, deflections and also mechani-

cal properties of the pavement structure. The main 
pavement structure input data in the mechanistic–
empirical pavement design method is thickness of 
the pavement structure layers and modulus of the 
elasticity E. Modulus of elasticity E is a property of 
the stiffness of materials that describes the formation 
of elastic deformation in a material under the action 
of axial stress. Modulus of the elasticity of a cement-
stabilized pavement base is significantly affected by 
the cement content and the curing duration (Nusit et 
al., 2015). It can be obtained from several laboratory 
tests, such as triaxial and unconfined compression 
tests or in situ tests like standard penetration tests, 
pressure meters, plate-load tests and bearing capaci-
ty tests using falling weight deflectometers. 

RCC pavements are more cost-effective than tra-
ditional concrete pavements and are easier and faster 
to construct on-site (Sengun et al., 2018; Chhorn et 
al., 2017). The RCC layer can be installed using a 
standard asphalt paver equipped with a high-density 
screed and compacted with rollers. Due to the 
straightforward installation process, which closely 
resembles asphalt layer placement, RCC can be laid 
more efficiently than conventional concrete which 
reflects in the reduced installation costs up to 30 % 
(Fardin et al., 2021; Mohammed et al., 2018). 

Backcalculation of the roller-compacted concrete pavement structure 
with cement and special additives stabilized base layers 

Audrius Vaitkus 
Vilnius Gediminas Technical University, Vilnius, Lithuania 

Rafal Mickevič 
Vilnius Gediminas Technical University, Vilnius, Lithuania 

Martynas Karbočius 
Vilnius Gediminas Technical University, Vilnius, Lithuania 
 
 

 
 

 
 

 
 

ABSTRACT: Slip-form concrete (JPCP) has demonstrated reliable performance over many years. An alterna-
tive to slip-form concrete is roller-compacted concrete (RCC), which contains a higher proportion of fine ag-
gregates. This composition results in a non-slump mix that is compacted using rollers. RCC offers strength 
and performance equal to or exceeding that of conventional concrete. Its advantages make RCC particularly 
suitable for industrial areas and low-volume rural roads. In Lithuania, RCC pavement structures typically in-
corporate a base (CTB) and a subbase stabilized with cement and special additives (CTS). Typical cement 
content in CTB is 3-8 %, in CTS – 3-5 %. Modulus of the elasticity of the layer is one of the most important 
mechanical property in the mechanistic–empirical pavement design method. In light of that bearing capacity 
tests with falling weight deflectometer were performed on local road and deflections were used in evaluation 
of the CTB and CTS modulus of elasticity. 



2 EXPERIMENT 

2.1 Test location 
An experimental section of RCC pavement with a 
cement-stabilized base layer and subbase was con-
structed on local road No. 130 in Lithuania. he re-
construction of this road took place between June 
and August 2021. The length of the reconstructed 
local road No. 130 was 699 m, the width of the con-
crete pavement 10 m, the unbound shoulders – 1 m. 

2.2 Pavement structure 
The pavement structure of the local road No. 130 is 
represented in Fig. 1 and consists of: 

• 16 cm of RCC layer; 
• 40 cm cement and special additives stabilized 

base layer; 
• 20 cm cement and special additives stabilized 

subbase layer; 
• subgrade. 

 
 

 
 
Figure 1. Pavement structure. 

 
RCC mixture was produced in mobile concrete 

batching plant and consists of: 
• 4/16 fraction crushed aggregates (48.8 %); 
• 0/4 fraction fine aggregates (30.9 %); 
• cement (14.7 %); 
• water (5.5 %); 
• concrete plasticizer (0.07 %). 

Cement and special additives stabilized base con-
sists of: 

• 5 % portland cement; 
• ion exchange enhancing chemical additive 

(0.2 l per m3 of soil); 
• water; 
• soil. 

Requirements for cement and special additives 
stabilized subbase: 

• compressive strength after 28 days not less 
than 1.5 MPa; 

• the ratio of compressive strength of samples 
after refrigeration and thawing cycles to 
reference samples (after 28 days) is at least 
0.6; 

• compaction rate not less than 98%. 
Cement and special additives stabilized subbase 

consists of: 
• 3 % portland cement; 
• ion exchange enhancing chemical additive 

(0.2 l per m3 of soil); 
• water; 
• soil. 

Requirements for cement and special additives 
stabilized subbase: 

• deformation modulus Ev2≥100 MPa; 
• compressive strength after 28 days not less 

than 1.0 MPa; 
• compaction rate not less than 98%. 

2.3 Field testing 

The bearing capacity of pavement structure was 
conducted using a falling weight deflectometer 
(FWD). The falling weight deflectometer (FWD) is 
non-destructive testing (NDT) device to evaluate the 
bearing capacity of the pavement, which is use wide-
ly all around the world. A FWD transfers a 50 kN 
and 200 kN load to the road pavement through a 300 
mm diameter circular plate, which results in 707 
MPa pressure. The generated haversine pulse lasts 
about 30 ms. Dynamic deflections on the road sur-
face due to applied loads are captured by sensors 
(geophones), which are positioned at different dis-
tances from the center of the loading plate (0, 200, 
300, 450, 600, 900, 1200, 1500 and 1800 mm). 

Measurements of the bearing capacity of the 
pavement structure on the cement and special addi-
tives stabilized subbase (CTS) were carried out on 
June 10, 2021. Within the scope of the study, the 
bearing capacity was measured at 48 points using a 
falling weight deflectometer (FWD) (more infor-
mation provided in Fig. 2). 

Measurements of the bearing capacity of the 
pavement structure on the cement and special addi-
tives stabilized base (CTB) were carried out on June 
23, 2021. Within the scope of the study, the bearing 
capacity was measured at 80 points using a falling 
weight deflectometer (FWD) (more information 
provided in Fig. 2). 

Measurements of the bearing capacity of the 
pavement structure on the roller-compacted concrete 
(RCC) were carried out on July 6, 2021. Within the 
scope of the study, the bearing capacity was meas-
ured at 80 points using a falling weight deflectome-
ter (FWD) (more information provided in Fig. 2). 



Based on the bearing capacity study, the modulus 
of elasticity for both CTS and CTB layers was eval-
uated in two different ways: 

• using the deflections from direct measure-
ments on the CTS and CTB (after installation 
of each layer); 

• using the deflections from measurements tak-
en on RCC layer (28 days after installation of 
the wearing course RCC). 

The modulus of elasticity of the CTS and CTB 
were determined with the automated ELMOD6 
software, using the "Deflection Basin Fit" calcula-
tion algorithm. Moreover, the modulus E of CTB 
and CTS was evaluated from directed  

 
 

 
 
Figure 2. Pavement bearing capacity measurements with FWD. 

3 RESULTS AND DISCUSSION 

3.1 CTS backcalculated E modulus 
Taking into account the direct calculations of the E 
modulus of the CTS layer, it was determined that in 
the right lane of the examined section of the local 
road No. 130, the E modulus of the CTS layer varies 
from 140 MPa to 1013 MPa, the average is 347 
MPa, the standard deviation is 233 MPa. In the left 
lane of the examined section of the local road No. 
130, the E modulus of the CTS layer varies from 103 
MPa to 816 MPa, the average is 288 MPa, the stand-
ard deviation is 139 MPa (more information provid-
ed in Fig. 3). 

The calculated E modulus of the CTS layer after 
the installation of the RCC layer showed that in the 
right lane, the E modulus of the CTS layer varied 
from 188 MPa to 516 MPa, with an average of 323 
MPa and a standard deviation of 52 MPa. In the left 
lane, the E modulus of the CTS layer varied from 
273 MPa to 469 MPa, with an average of 339 MPa 
and a standard deviation of 49 MPa (more infor-
mation provided in Fig. 3). 

 

 

 
 
Figure 3. CTS backcalculated E modulus. 

3.2 CTB backcalculated E modulus 
Taking into account the direct calculations of the E 
modulus of the CTB layer, it was determined that in 
the right lane of the examined section of the local 
road No. 130, the E modulus of the CTB layer varies 
from 725 MPa to 7738 MPa, the average is 3232 
MPa, the standard deviation is 2015 MPa. In the left 
lane of the examined section of the lo-cal road No. 
130, the E modulus of the CTB layer varies from 
687 MPa to 7581 MPa, the average is 2657 MPa, the 
standard deviation is 1599 MPa (more information 
provided in Fig. 4). 

The calculated E modulus of the CTB layer after 
the installation of the RCC layer showed that in the 
right lane, the E modulus of the CTB layer varied 
from 542 MPa to 5581 MPa, with an average of 
2385 MPa and a standard deviation of 1071 MPa. In 
the left lane, the E modulus of the CTB layer varied 
from 514 MPa to 5246 MPa, with an average of 
2304 MPa and a standard deviation of 1082 MPa 
(more information provided in Fig. 4). 

 
 

 
 
Figure 4. CTB backcalculated E modulus. 

4 CONCLUSION 

The analysis of FWD data on different pavement 
layers led to the following conclusions: 



− a comparison of the E modulus measure-
ments of the CTS and CTB layers taken di-
rectly with those conducted on the RCC layer 
revealed a more stable E modulus in the un-
derlying layers, along with a smaller standard 
deviation (CTS right lane 52 MPa, left lane 
49 MPa; CTB right lane 1071MPa, left lane 
1082 MPa) after the installation of the RCC 
layer. The increased stability of the E modu-
lus in the CTS and CTB layers may be at-
tributed to the additional compaction of the 
entire pavement structure following after the 
installation of RCC layer; 

− the analysis of the E modulus measurements 
for the CTS and CTB layers also showed 
slight variations between the left and right 
lanes, particularly during the direct meas-
urements on CTS and CTB. The aforemen-
tioned differences could have been influ-
enced by the inhomogeneity of the soils and 
the lack of uniformity in the technological in-
stallation of the layer (water and cement con-
tent, soil moisture, compaction etc.). 
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1.3 
MODELING, PERFORMANCE PREDICTION 

AND DESIGN OF RIGID PAVEMENTS 



1 INTRODUCTION 
Rigid aircraft pavements are typically comprised 

of unreinforced Portland cement concrete base slabs 
over an unbound or bound sub-base layer, constructed 
on the subgrade (AAA 2017). The concrete slabs are 
square or almost-square, typically ranging from 4 m 
to 8 m in length, (Jamieson and White 2023, FAA 
2021). The slabs are separated by joints, which also 
provide load transfer to the adjacent slabs, resulting 
in reduced slab-edge stresses. Because edge stresses 
can be the critical stress for pavement thickness 
design (FAA 2021),  effective load transfer reduces 
the required slab thickness. 

It is generally assumed in airport pavement 
thickness design programs that joints provide 25% 
load transfer to adjacent slabs (FAA 2021). However, 
load transfer is variable, and is affected by many 
factors, including loading regime, sub-layer support, 
joint gap width and joint details (Byrum 2011b). Of 
interest to this research is the effect that sub-base 
characteristics have on load transfer values, 
specifically the sub-base type and the friction 
coefficient between slab and sub-base. This is 
because different researchers have determined that a 
bound sub-base can decrease load transfer (Hammons 
et al. 1995), increase load transfer (UK MOD 2011) 
or have no significant effect on load transfer, 
compared to an unbound base (Jamieson and White 
2024b). Additionally, the friction coefficient between 
the slab and sub-base has been modelled using a large 

range of values. However, the effect of friction on 
design load transfer is not well understood. 
Consequently, this research investigated these two 
factors by using a previously validated finite element 
(FE) model for a range of typical rigid pavement 
construction joints. 

2 BACKGROUND 
2.1 Load transfer 

Load transfer is the ability for a joint in a concrete 
pavement to transfer load from one slab to the next 
when trafficked. Load transfer relies on joint 
stiffness, which contains three physical contributors: 
stiffness from dowels, stiffness from aggregate 
interlock, and apparent stiffness provided by elastic 
solid base effects (Byrum 2011b). Load transfer is 
generally characterized by load transfer efficiency, 
via deflection (LTEδ) (Equation 1), or free-edge stress 
transferred (LT) (Equation 2). LTEδ is the percentage 
of the unloaded slab deflection over the loaded slab 
deflection, and this can be relatively easily calculated 
from deflections measured in the field using a falling 
weight deflectometer (White 2018, Gkyrtis et al. 
2021). In contrast, LT is the portion of stress that is 
transferred to an unloaded slab, relative to the loaded 
slab, when under a free-edge loading condition. That 
is, the condition when no adjacent slab is connected. 
Although LTEδ is routinely measured for existing 
pavements, LT is commonly used for design 

ABSTRACT: Rigid aircraft pavement load transfer can be affected by several factors, including loading regime, 
sub-layer support, joint type and climate. The effect of using a bound sub-base instead of an unbound sub-base 
on load transfer is not well understood, with previous literature reporting either an increase, decrease, or no 
significant effect on load transfer values. Additionally, when modelling load transfer, the friction coefficient 
between slab and sub-base has been modelled using a large range of values. This research aimed to isolate the 
effect of sub-base type, as well as quantifying the effect of slab to sub-base friction coefficient on load transfer 
values. Through finite element methods, it was determined that sub-base type has only a minor effect on typical 
load transfer values for dowelled and butt construction joints. Consequently, for these joint types, the selection 
of sub-base type is not critical to achieve effective load transfer. However, the effect on sinusoidal construction 
joints was significant. It was also determined that modifying the slab to sub-base friction value increased joint 
deflection and bending stress, however, had negligible impact on load transfer. 

Determining the effect of sub-base type and friction coefficient on load 
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practices, has a range of 0% to 50%, and as discussed 
earlier, is assumed to be 25% in contemporary 
thickness design methods (Byrum 2011a, FAA 2021). 

𝐷𝐷𝐿𝐿𝐷𝐷𝛿𝛿 =  𝛿𝛿𝑈𝑈
𝛿𝛿𝐿𝐿  

 × 100 (1) 

𝐷𝐷𝐿𝐿 =  100 × (𝜀𝜀𝐹𝐹− 𝜀𝜀𝐿𝐿) 
𝜀𝜀𝐹𝐹  

 (2) 

Where, LTEδ = Load transfer efficiency by 
deflection (%); LT = Percent of free-edge stress 
transferred (%); δL = Deflection of loaded side of the 
joint (mm); δU = Deflection of unloaded side of the 
joint (mm); εL = Bending strain in the loaded slab 
edge at the joint; and εF = Bending strain in the free-
edge loading condition for the loaded slab edge. 

2.2 Sub-layer effect on load transfer 

Sub-base and subgrade support provide apparent 
stiffness to the joint through elastic solid base effects, 
but in reality, this is not joint stiffness itself, as joint 
stiffness is generally defined by the interaction of the 
concrete slab elements only (Byrum 2011b). 

However, bound and unbound sub-base types have 
been reported to affect joint behaviour differently, 
with a higher LTEδ associated with bound sub-bases 
(Colley and Humphrey 1967). In fact, United 
Kingdom airport pavement design practice is to 
generally use a dry lean concrete sub-base without 
any dowels at the construction joints, because they 
have found that bound bases provide an adequate 
level of LT without requiring the addition of dowels 
(UK MOD 2011). In contrast, research by Hammons 
et al. (1995) showed that bound sub-bases reduce LT 
compared to unbound sub-bases, because unbound 
bases allow for more deflection, which allows for 
more dowel resistance, or aggregate interlock, to be 
engaged. A similar trend was observed for subgrade 
strength, with earlier FE modelling demonstrating an 
increase in LTEδ for decreased subgrade strength 
(Brill and Guo 2000), and recent modelling 
demonstrating an increase in LT for decreased 
subgrade strength (Jamieson and White 2024b), with 
an approximate 1% increase of LT, for a 1% reduction 
in subgrade CBR value. However, the later modelling 
also demonstrated that the effect of sub-base type was 
insignificant for both LTEδ

 and LT in dowelled 
construction joints, with wheel configuration, 
subgrade strength, dowel spacing and dowel 
looseness the only factors significantly effecting load 
transfer (Jamieson and White 2024b). 

Because of the contradiction in earlier results of 
sub-base type on load transfer, further investigation 
into the effect of sub-base type on load transfer ability 
is required. 

Furthermore, slabs resting on sub-bases will 
experience friction at the slab to sub-base interface, 
with aircraft pavements generally including a de-
bonding layer to reduce friction, and therefore the risk 
of uncontrolled cracking during curing (AAA 2017). 
Past researchers have used Coulomb friction 
coefficients between 0.03 and 1.4 to represent the 
effect of debonding layers on the slab to sub-base 
interface (Holschemacher and Lober 2019), with the 
change in friction coefficient effecting the stress 
induced in the concrete during slab movement (Jeong 
et al. 2014). However, research by Hammons (1998) 
showed that friction coefficient had a less than 1% 
effect on the LTEδ of a joint, from friction coefficients 
of 0.1 to 10. Because that research did not include the 
effect on LT, further research is required to determine 
if the effect is consistent for both LTEδ and LT. 

3 METHODS 
The primary objective of this study was to 

determine and quantify the effect of sub-base type 
and slab to sub-base friction coefficient on load 
transfer values. This was achieved using an FE model 
developed by Jamieson and White (2024a), and 
validated against full scale physical testing (Jamieson 
and White 2024c). The model was built in the 
general-purpose FE program Abaqus 2023 (Dassault 
Systemes 2023), and assessed loading in two 
conditions, one with the slabs connected, and one in 
the free-edge condition as shown in Figure 1. This 
enabled accurate calculation of LTEδ, and LT. 
 

 
Figure 1. FE model with (a) two slabs connected, and (b) 
free edge condition. 

Four different construction joint types were 
investigated: round dowelled, diamond plate 
dowelled, butt and sinusoidal, as shown in Figure 2. 
 

 
Figure 2. Side view of construction joints analysed, (a) 
round and diamond dowels, (b) butt, and (c) sinusoidal. 

The joints were subject to 24.9 T wheel loads in 
either dual or tridem gear arrangement, in either 
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longitudinal or transverse alignment across the edge 
of joint. For each joint type, five different joint 
arrangements were modelled, with different loading 
regimes, gap widths, subgrade strengths, and where 
applicable, dowel details. For all FE model runs, the 
rigid pavement consisted of 350 mm thick concrete 
slabs, over a 152 mm thick sub-base, over the 
subgrade. For each load and joint configuration, the 
model was run using a bound sub-base, and then 
again using an unbound sub-base, to isolate the 
relative effect of sub-base type on load transfer 
values. Consequently, a total of 20 FE model runs 
with bound sub-bases and 20 model runs with 
unbound sub-bases. The bound sub-base was 
represented by a lean mix concrete with elastic 
modulus (E) = 5,000 MPa, and Poisson’s ratio (µ) = 
0.2. The unbound sub-base was represented by a fine 
crushed rock with an E = 517 MPa, and µ = 0.35. 
These mechanical properties were selected as they are 
used in the common aircraft pavement design 
program FAARFIELD (FAA 2021). 

To determine the effect of slab to sub-base friction 
coefficient, a standard sinusoidal construction joint 
was analysed, with all parameters kept constant, 
except for slab to sub-base friction coefficient, which 
was adjusted for a Coulomb friction coefficient of 
0.05, 0.7, 1 and 1.4, to represent typical values used 
for debonding layers in rigid pavement FE models. 

4 RESULTS 
4.1 Change in sub-base type 

Figure 3 and Figure 4 show the change in LTEδ and 
LT, respectively, when modifying the sub-base type 
from an unbound to a bound sub-base for the 20 
construction joints investigated. 

 

 
Figure 3. Change in LTEδ from an unbound base to a 
bound base. 

4.2 Change in slab to sub-base friction coefficient 
Figure 5 demonstrates the change in maximum 

bending stress and deflection for a range of friction 
coefficients for a single sinusoidal joint. Figure 6 
shows the effect of slab to sub-base friction 
coefficient on LTEδ and LT for the same joint. 

 
Figure 4. Change in LT from an unbound base to a bound 
base 

 
Figure 5. Sub-base to slab friction coefficient effect on 
maximum deflection and bending stress. 

 
Figure 6. Sub-base to slab friction coefficient effect on LT 
and LTEδ. 

5 DISCUSSION 
As shown in Figure 3, the change from an unbound 

to bound sub-base generally increased the LTEδ of 
dowelled and butt joints. However, the increase was 
small, with a mean of 0.6%. Conversely, sinusoidal 
joints were significantly affected by the change in 
sub-base type, with a decrease of LTEδ up to 11.4% 
for bound bases. Similarly, the change from an 
unbound to bound sub-base had little effect on LT for 
dowelled and butt joints, with a mean decrease of 
1.2%. Whereas sinusoidal joints had a mean decrease 
of 5.5% LT when using a bound sub-base. There were 
two joints that demonstrated an increase in LT by 
0.2% and 0.9%, but these were outliers, and likely 
reflected simplifications in the FE model. 

Although it seems counter-intuitive for a stiffer 
sub-base to reduce LT, the lower stiffness materials 
allow for more slab deflection, thereby increasing the 
stress taken up by the dowels, or the frictional 
interface of the concrete. This was evidenced by 
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dowels having a mean 13 MPa increase in stress when 
slabs were resting on an unbound sub-base, compared 
to slabs with a bound sub-base. However, considering 
other recent research on dowelled construction joints 
that determined a reduction in subgrade CBR of 1% 
improves LT by approximately the same degree 
(Jamieson and White 2024b), the effect of sub-base 
type on LT magnitude for dowelled construction 
joints is of less importance. 

The largest LT change was for two sinusoidal 
joints that were modelled with large gaps (3 mm) 
between slabs. These two joints exhibited a change of 
14.5% and 8.3% LT. This indicates that unbound sub-
bases provide significantly better load transfer for 
sinusoidal joints, especially during slab contraction 
periods when joint gap widths are increased. That is, 
the unbound sub-base increases the deflection across 
the gap width, enabling the loaded slab to better 
engage with the unloaded slab. However, further 
research is recommended to quantify the significance 
of sub-base type across multiple sinusoidal joint 
conditions, and how it compares with other joint 
factors, such as subgrade. 

Regarding friction coefficient, Figure 6 shows that 
for an increase of slab to sub-base friction coefficient 
from 0.03 to 1.4, the maximum deflection and 
bending stress are decreased by 6.5% and 5.7%, 
respectively. However, because the effects of friction 
coefficient are equally applied to the unloaded slab, 
loaded slab, and free-edge condition slab, the effect 
on LTEδ and LT are minor, with an increase of 0.6% 
and 0.5%, respectively. Consequently, the 
assignment of slab to sub-base friction coefficient has 
negligible impact on the load transfer values. 

6 CONCLUSION 
Based on 40 model runs of 20 different 

construction joints, it was concluded that sub-base 
type has minor impact on load transfer values for butt 
and doweled construction joints. Consequently, for 
these joint types, the selection of sub-base type is not 
critical to achieve effective load transfer. In contrast, 
the effect of sub-base type on sinusoidal joints was 
significant, with unbound sub-bases providing higher 
LTEδ and LT. Further research is recommended to 
quantify the significance across a range of sinusoidal 
joints and loading conditions. It was also concluded 
that the magnitude of the slab to sub-base friction 
coefficient had negligible impact on load transfer 
values. Consequently, when modelling load transfer, 
other factors are of higher importance. 
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1 INTRODUCTION 
Rigid aircraft pavements are typically comprised 

of unreinforced Portland cement concrete base slabs 
over an unbound or bound sub-base layer, constructed 
on the subgrade (AAA 2017). The concrete slabs are 
square or almost-square, typically ranging from 4 m 
to 8 m in length, (Jamieson and White 2023, FAA 
2021). The slabs are separated by joints, which also 
provide load transfer to the adjacent slabs, resulting 
in reduced slab-edge stresses. Because the edge stress 
is usually the critical stress for pavement thickness 
determination (FAA 2021), effective load transfer 
reduces the required slab thickness. 

It is generally assumed in airport pavement 
thickness design programs that joints provide 25% 
load transfer to adjacent slabs (FAA 2021). However, 
load transfer is variable, and is affected by many 
factors, including loading regime, sub-layer support, 
joint gap width and joint details (Byrum 2011b). To 
predict load transfer, multiple relationships have been 
developed for typical load transfer values that can be 
measured through instrumented slabs or a falling 
weight deflectometer (FWD). However, these 
relationships require assumptions for loading 
condition (Guo 2003), and generally characterise load 
transfer through a stiffness value to simplify the 
complex interaction between dowels, aggregate 
interlock, and formed concrete faces (Byrum 2011b). 

Recent research has challenged the assumptions for 
load transfer loading condition (Jamieson and White 
2024b), and due to the advances in finite element (FE) 
models for load transfer analysis, the interaction 
between dowels and formed concrete faces can now 
be more accurately modelled, enabling the 
assessment of different types of commonly used 
joints. 

The aim of this research was to re-evaluate the 
relationships between typical load transfer 
characterisation, and to determine if load transfer is 
consistent for a range of loading conditions and 
construction joint types. This was achieved through 
FE methods, using a previously validated load 
transfer model. 

2 BACKGROUND 
2.1 Load transfer characterisation 

Load transfer is possible due to joint stiffness, 
which is provided by dowels, aggregate interlock and 
elastic solid base effects (Byrum 2011b). Load 
transfer is generally characterised by load transfer 
efficiency, via deflection (LTEδ) (Equation 1) or 
stress (LTEσ) (Equation 2), or free-edge stress 
transferred (LT) (Equation 2). LTEδ can be relatively 
easily calculated from deflections measured in the 
field using a FWD (White 2018, Gkyrtis et al. 2021). 
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In contrast, LT is the portion of stress that is 
transferred to an unloaded slab, relative to the loaded 
slab, when under a free-edge loading condition. That 
is the condition when no adjacent slab is connected. 
Although LTEδ is routinely measured for existing 
pavements, LT is commonly used for thickness 
design, is a fundamental first principle of aircraft 
pavement load transfer, has a range of 0% to 50%, 
and as discussed earlier, is assumed to be 25% in 
contemporary thickness design methods (Byrum 
2011a, FAA 2021). 

𝐷𝐷𝐿𝐿𝐷𝐷𝛿𝛿 =  𝛿𝛿𝑈𝑈
𝛿𝛿𝐿𝐿  

 × 100 (1) 

𝐷𝐷𝐿𝐿𝐷𝐷𝜎𝜎 =  𝜎𝜎𝑈𝑈
𝜎𝜎𝐿𝐿  

 × 100 (2) 

𝐷𝐷𝐿𝐿 =  100 × (𝜀𝜀𝐹𝐹− 𝜀𝜀𝐿𝐿) 
𝜀𝜀𝐹𝐹  

 (3) 

Where, LTEδ = Load transfer efficiency by 
deflection (%); LTEσ = Load transfer efficiency by 
stress (%); LT = Percent of free-edge stress 
transferred (%); δL = Deflection of loaded side of the 
joint (mm); δU = Deflection of unloaded side of the 
joint (mm); σL = Stress of loaded side of the joint 
(MPa);  σU = Stress of unloaded side of the joint 
(MPa); εL = Bending strain in the loaded slab edge at 
the joint; and εF = Bending strain in the free-edge 
loading condition for the loaded slab edge. 

Because LT is difficult to measure, due to 
requiring a loaded strain from a slab in the free-edge 
condition, past researchers have used the stress based 
LTσ as an approximation (Ahmed et al. 2021, Guo 
2003). LTσ can be calculated without a free-edge slab 
by determining LTEσ from strain gauges embedded in 
unloaded and loaded slabs, using Equation 4. This 
assumption holds true if approximations for free-edge 
deflection and free-edge stress are satisfied, as 
described in Equation 5 and Equation 6, respectively. 
However, these approximations also require a 
Winkler foundation, small aircraft loads, full contact 
between the slab and sub-base, and flat slabs (Byrum 
2011b, Guo 2003). These conditions are not always 
met for aircraft pavements, requiring re-consideration 
of the relationship between LTσ and LT. 

𝐷𝐷𝐿𝐿𝜎𝜎  = 100 × 𝐿𝐿𝐴𝐴𝐿𝐿𝜎𝜎
(1 + 𝐿𝐿𝐴𝐴𝐿𝐿𝜎𝜎)  =  100 × 𝜎𝜎𝑈𝑈

(𝜎𝜎𝐿𝐿 + 𝜎𝜎𝑈𝑈) (4) 

𝛿𝛿𝐿𝐿 +  𝛿𝛿𝑈𝑈 =  𝛿𝛿𝐹𝐹 (5) 

𝜎𝜎𝐿𝐿 +  𝜎𝜎𝑈𝑈 =  𝜎𝜎𝐹𝐹 (6) 

Where, LTσ = LT stress-based approximation (%); 
δF = Deflection of loaded slab in free-edge condition 
(mm); σF = Stress of loaded slab in free-edge 
condition (MPa). 

2.2 Load transfer relationships 
Early work to determine relationships between 

load transfer values was performed by Mikhail S. 
Skarlatos in 1949, and revisited in the 1990s by 
Ioannides and Hammons (1996). Their work 
produced a general solution for edge load transfer, 
whereby maximum deflection and bending stress of 
an unloaded slab could be calculated. Also developed 
was a relationship between LTEσ and LTEδ. Recently, 
the relationship between LTEδ and LT has become of 
high importance, because FWDs can easily measure 
LTEδ, which can in turn be used to determine if a joint 
has failed (Gkyrtis et al. 2021), or is achieving the 
load transfer design assumption (LT). For example, 
the US Department of Defense pavement design 
program PCASE has an in-built relationship between 
LTEδ and LT, that can be used to assess the structural 
capacity of an existing rigid aircraft pavement (Tingle 
2023). Ensuring the relationship between LTEδ and 
LT is accurate will significantly enhance rigid 
pavement design and evaluation strategies. 

3 METHODS 
The primary objective of this study was to 

determine the relationships between load transfer 
values for a range of loading conditions and 
construction joints. This was achieved using an FE 
model developed by Jamieson and White (2024a), 
and validated against full scale physical testing 
(Jamieson and White 2024c). The model was built in 
the general-purpose FE program Abaqus 2023 
(Dassault Systemes 2023), and assessed loading in 
two conditions, one with the slabs connected, and one 
in the free-edge condition, as shown in Figure 1.  
 

 
Figure 1. FE model with (a) two slabs connected, and (b) 
free edge condition. 

Three different construction joint types were 
investigated: round dowelled, diamond-shaped plate 
(DSP) dowel, and sinusoidal, as shown in Figure 2. 
The joints were subject to 24.9 T wheel loads in either 
dual or tridem gear arrangement, in either 
longitudinal or transverse alignment across the edge 
of joint. Multiple joint arrangements were modelled, 
with different joint gap widths, subgrade strengths, 
sub-base types, dowel details, dowel looseness, and 
where applicable, sinusoidal shape. In total, 43 round 
dowelled joints, 24 DSP dowelled joints, and 32 
sinusoidal joints were assessed. For all FE model 
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runs, the rigid pavement consisted of 350 mm thick 
concrete slabs, over a 152 mm thick sub-base, over 
the subgrade. 
 

 
Figure 2. Side view of construction joints analysed, (a) 
round (b) DSP dowels, and (c) sinusoidal. 

4 RESULTS 
Figure 3 shows the relationship between LTEδ and 

LTσ for round dowelled and DSP dowelled 
construction joints. Figure 4 shows the relationship 
between LTEδ and LTσ for sinusoidal construction 
joints. For this graph, any zero LTEδ results were 
omitted to avoid skewing the trendline. Also included 
in both figures is the relationship between LTEδ and 
LTσ used in the PCASE program. 

 

 
Figure 3. LTEδ versus LTσ for dowelled construction joints. 

 
 

 
Figure 4. LTEδ versus LTσ for sinusoidal joints. 

Figure 5 shows the relationship between LTσ and 
LT for round dowelled and DSP dowelled 
construction joints. Figure 6 shows the relationship 
between LTσ and LT for sinusoidal construction 
joints. Included in both figures is the line of equality 
for the condition that LTσ equals LT. 

 
Figure 5. LTσ vs LT for dowelled construction joints. 

 

 
Figure 6. LTσ vs LT for sinusoidal construction joints. 

5 DISCUSSION 
As demonstrated in Figure 3 and Figure 4, the 

relationship between LTEδ and LTσ is not consistent 
for all construction joints. Rather, joints with dowels 
have a strongly correlated relationship to existing 
literature, as evidenced by the closeness to the 
PCASE relationship. Sinusoidal joints, in contrast, 
respond differently to dowelled joints, when subject 
to aircraft loads. Evidenced by a lower R2 value, LTσ 
does not predict LTEδ as well as it does for dowelled 
joints. That is because sinusoidal joint load transfer is 
affected by joint openings. When an opening is 
present, the loaded slab and unloaded slab act as two 
separate elements. This contrasts with dowelled joints 
that are always connected by the dowels, meaning 
that there is always some interaction between the 
loaded and unloaded slabs. When a sinusoidal joint 
with a joint opening is loaded, there will be a certain 
distance where the loaded slab deflects but does not 
engage with the unloaded slab. Because this un-
engaged distance is related to load type, subgrade 
strength and sinusoidal shape, there will be a large 
range of LTσ for a specific LTEδ. 

Similarly for LTσ and LT is that the construction 
joint type affects the relationship between the two 
values. As demonstrated in Figure 5, there is a 
strong linear relationship between LTσ and LT for 
dowelled construction joints. However, LTσ is not 
equivalent to LT, rather, LTσ over-predicts LT. For 
the dowelled construction joint model runs, the free-
edge deflection and stress equations (Equation 5 and 
Equation 6) had an absolute mean error of 37.0% 
and 8.8%, respectively, indicating that the free-edge 
assumptions were not met. Consequently, LTσ is not 
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a good predictor of first-principles LT for dowelled 
construction joints, without a transform equation. 
For sinusoidal construction joints, the LTσ and LT 
were determined to be equivalent. This was due to 
the simpler interaction between the two slab 
elements when compared to the more complex 
interaction around dowels. Interestingly, the free-
edge stress absolute mean error was 3.3%, whereas 
the deflection error was 18.6%. This demonstrates 
that free-edge stress is a better indicator of 
equivalence of LTσ and LT than free-edge deflection. 

Because the relationship between load transfer 
values were found to be dependent on the joint type, 
two predictive relationships between LTEδ and LT 
were developed. These equations are based on data 
provided in Figure 3 to Figure 6, and should aid 
practitioners in converting serviceability checks of 
LTEδ when using an FWD to the first-principles LT 
used in airport pavement thickness determination. 
Equation 7 provides the relationship between LT and 
LTEδ for a dowelled construction joint. Equation 8 
provides the relationship between LT and LTEδ for a 
sinusoidal construction joint. 

𝐷𝐷𝐿𝐿𝐴𝐴𝐷𝐷𝐷𝐷  =  0.046 × 𝐷𝐷𝐿𝐿𝐷𝐷𝛿𝛿1.427 − 4.98 (7) 
 
𝐷𝐷𝐿𝐿𝑆𝑆𝐷𝐷𝐷𝐷  =  1.411 × 𝐷𝐷𝐿𝐿𝐷𝐷𝛿𝛿0.704 (8) 
 
Where, LTDCJ = LT of a dowelled construction 

joint (%); LTSCJ = LT of a sinusoidal construction 
joint (%). 

6 CONCLUSION 
The relationship between LT and LTEδ is important 

to develop rigid pavement design and evaluation 
strategies that are accurate, and well-defined. This 
study investigated the relationships between typical 
load transfer values using FE methods for three 
different construction joint types. Based on the 
analysis of the results from 99 model runs, it was 
concluded that the relationship between LTσ, LT and 
LTEδ is largely dependant on the construction joint 
type. Furthermore, predictive models for dowelled 
construction joints and sinusoidal construction joints 
were developed to relate LTEδ to LT. Consequently, 
the findings from this research can be used to better 
relate FWD results to design assumptions used in 
aircraft pavement thickness determination. 
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1 INTRODUCTION 

There is a growing need for durable, low-mainte-
nance pavement structures as the current traffic net-
work is at its capacity limit. A promising concept to 
address these challenges is to build continuously re-
inforced concrete pavements (CRCP), which offer 
high resistance to dynamic loads, as the size and spac-
ing of unavoidable cracks are controlled by continu-
ous longitudinal reinforcement. The durability of 
CRCP is impressive, lasting between 30 and 60 years 
without major repairs (Schmidt et al. 2021). How-
ever, in Germany, almost all federal highways are 
built without reinforcement. As a result, longitudinal 
joints, which are maintenance-intensive, need to be 
added to the concrete surface after construction. 
Compared to traditional construction methods with-
out reinforcement, the spacing of cracks in CRCP is 
smaller. This results in shorter slab lengths and re-
duced internal stresses, which in turn allow for a re-
duction in pavement thickness by 10 to 20% (Schmidt 
et al. 2021). However, further height reduction is lim-
ited due to the need of a protection of the classical 
steel reinforcement from corrosion.  

To overcome the latter drawbacks, this study inves-
tigates the use of mineral-impregnated carbon fibers 
(MCF) in CRCP. MCF reinforcements represent an in-
novative alternative to steel and fiber-reinforced poly-
mer reinforcements in construction by combining 
high-performance fibers with durable inorganic matrix 
materials. This approach provides a number of ad-

vantages, including significantly enhanced tempera-
ture resistance, cost-effectiveness, physical and chem-
ical compatibility with cementitious substrates, multi-
functionality and technological flexibility in produc-
tion and application (Mechtcherine et al. 2020). Due to 
the increased tensile strength by a factor of 10, the re-
quired minimum cross-section of the reinforcement is 
reduced (Zhao et al. 2024a). In combination with small 
selectable concrete cover dimensions, this results in 
completely new structural reinforcement arrange-
ments.  

Until now, the reinforcement has been arranged in 
the centre or in the upper third of the pavement 
(Schmidt et al. 2021) in order to keep the crack width 
and spacing small. The reinforcement can, then, not 
become statically effective in the tensile stress areas 
of the bending load caused by tires. The aim of this 
work is to utilize multiple reinforcement levels to en-
able control of crack formation while also involving 
the reinforcement in load transfer, thereby allowing 
for a reduction in slab thickness. 

The paper proposes utilizing numerical simula-
tions to investigate the potential of carbon fiber-rein-
forced concrete pavements. While laboratory experi-
ments are typically limited to small-scale specimens, 
large-scale tests are complex and costly. Thus, initial 
investigations will focus on numerical approaches. 
For realistic numerical simulations, it is necessary to 
account for the reinforcement-induced anisotropy and 
damage mechanisms such as crack formation. To de-
termine the parameters of the material model for the 
MCF reinforced concrete, bending tests are carried 
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out on small-scale specimens. Due to the expected 
multi-axial three-dimensional stress states, a direc-
tion-dependent damage of the concrete is to be ex-
pected. Since the volume of the reinforcement is 
small compared to the component geometry, discrete 
modeling should be avoided. A material model that 
meets these requirements is the microlayer model 
(ML), which is introduced in the following section. 
The work concludes with a comparison of numerical 
simulations of conventional pavement designs and 
the innovative approach.  

2 MATERIAL MODEL 

2.1 Selection criteria and theory 
The pavement structure loaded by a tire can be re-
garded as a bending situation. While the areas below 
the tire are under compressive stresses, tensile 
stresses occur at the transition to the weaker base 
course in the horizontal directions (Wollny et al. 
2019). The initially isotropic stiffness characteristics 
of the concrete material become strongly anisotropic 
under the effect of plasticity, softening and damage 
depending on these direction-dependent stress states. 
To model these phenomena (inspired by the fact that 
the real mechanical behavior of concrete is deter-
mined by its microstructure), a representative volume 
element (RVE) is introduced in the numerical formu-
lation (Platen et al. 2024). For a time-efficient simu-
lation, the RVE is described using simplified geomet-
ric shapes (Storm & Kaliske 2018). The ML for 
concrete consists of an infinitely stiff, chamfered do-
decahedron-shaped aggregate ΩK on which 42 sur-
face layers Ωi are imprinted (Fig. 1). 
 

 
 
Figure 1. Geometry of the microstructure for the concrete matrix. 

 
These layers contain the actual material definition. 
Thus, the temporal evolution of plasticity is different 
for each layer, which leads macroscopically to the de-
sired anisotropic properties. A Neo-Hooke model 
combined with classical von Mises plasticity 

 
(1) 

is chosen in this work, of which few parameters can 
already be measured in the experiment or quickly de-
termined by optimization. Equation 1 shows the un-
derlying free Helmholtz energy for the material of a 
layer i and contains the elastic parameters for the 

shear modulus μ, bulk modulus κ and the plastic pa-
rameters Hα and α. The relationship between the 
strain measure Fi and the stress measure Pi on each 
layer according to 

is obtained by differentiation. The scale transition 
from the micro to the macro level takes place by 
means of a thermodynamically consistent homogeni-
zation process (Storm & Kaliske 2019). Equation 3 
shows the scale transition to the macro level M 

 
(3) 

for the stresses exemplarily. The damage and soften-
ing behavior are taken into account via an additional, 
non-local field η as the maximum of all layers ηi in 
the FEM, to avoid localization effects with numerical 
instabilities (Dimitrijevic et al. 2008). It is considered 
that tensile stresses are more damaging than compres-
sive stresses. At each layer, the damage variable di is 
determined by the time evolution of ηi   

 
(4) 

and takes degradation and softening into account via 
the parameters α and β. As soon as the damage thres-
hold γ0 is exceeded, irreversible damage occurs. 

The MCF reinforcement is taken into considera-
tion by extending the Neo-Hooke material model 

 
(5) 

with an additional summand ψf. The stiffness of the 
reinforcement is given via the parameters a and b and 
the invariants I4 and I5 are functions of fiber direction 
vectors (Platen et al. 2024). This non-discrete embed-
ding of the reinforcement into the structure avoids 
computationally intensive, fine-meshed discretization 
and a mesh dependency of the solution. 

2.2 Production of reinforced bending specimens 
Four-point bending tests have been performed on the 
specimens with a universal Zwick Z1200Y testing ma-
chine. The displacement is controlled at a rate of 1 
mm/min at a testing span of 1200 mm until the fiber 
breakage (Fig. 2). The specimen geometry of 1420 × 
120 × 40 mm³ is designed to embed five longitudinal 
yarns perpendicular to the loading direction. Details on 
the MCF manufacturing are available in (Zhao et al. 
2024b). The MCF mesh structure is incorporated into 
a concrete matrix, which consists of cement, lime-
stone, sand, fine gravels, rough gravel and fly ash, as-
sociated with a 28-day compressive strength of 50.6 
MPa. The load Fm,z is measured by the load sensor, 
while the mid-span deflection is measured by two lin-
ear variable differential transformers (Figs. 3b, c).  

 
(2) 



 
 
Figure 2. Four-point bending test. 

2.3 Parameter Identification 
The bending test described in Section 2.2 is used to de-
termine the parameters of the ML. The reinforcement 
is smeared over the entire length of the x- and y-direc-
tion. In z-direction, the smearing is only carried out 
over the width of the geometric diameter dgeo = 3.75 
mm for a meaningful assessment of the static effect. 
The reduced stiffness Ered of a smeared surface section 
A is determined by the percentage of the statically 
MCF area Aeff = 1.87 mm² of the reinforcing bar within 
it. The tensile stiffness of the concrete can be ne-
glected. The reduced stiffness in lateral direction is ob-
tained by  

 
.                   (6) 

The elastic constants κ and μ, as well as the stiffness 
Ecf = 225 GPa of the carbon fibers, their position, and 
the degree of reinforcement, are derived from experi-
mental data. Other parameters are optimized to mini-
mize the error between simulation and experimental 
data for the mid-span deflection and the load-stamp 
force curves (Tab. 1, Fig. 3). As in the experiment, the 
simulation is carried out quasi-statically at 1 mm/min 
under displacement control. It can be seen that the sim-
ulated graphs are in good agreement with the experi-
mental results. The stress distribution characteristics in 
longitudinal direction of the beam indicates that tensile 
stresses are primarily concentrated along the reinforce-
ment fibers. The macroscopic damage evolution d at 
point M2 is also illustrated. Following the initially lin-
ear elastic behavior, tensile failure of the concrete oc-
curs, causing d to increase. Once the tensile strength of 
the MCF is reached (d = 1), the structure fails. 
 
Table 1. Material Parameters. 

Measure Bending Beam/ 
MCF Pavement 

Concrete Pavement 

hML,con 0.31 mm 1.0 mm 
rAGG,con 1.0 mm 1.0 mm 
Econ 17000 MPa 17000 MPa 
μcon 0.21  0.20 
kr 10.4 10 
γ0 0.000075 0.00069 
α 0.98 0.98 
β 0.096 0.069 
hML,CF 1.38 mm 1.0 mm 
rAGG,CF 1.0 mm 1.0 mm 

 
Figure 3. (a) Stress distribution in the x-direction of the speci-
men at t = 60 s, as well as the time behavior of (b) the load stamp 
force and (c) mid-span deflection. 

3 NUMERICAL SIMULATIONS 

3.1 Tire footprints 
For a more realistic representation of the pressure dis-
tribution from tire-pavement interaction, tire foot-
prints are obtained using the tire stiffness test rig de-
veloped at the Institute for Automotive Engineering 
(ika), RWTH Aachen University. This rig (Fig. 4a) 
enables automated, precise quasi-stationary measure-
ments of vertical, longitudinal, lateral, and torsional 
stiffness on non-rotating tires, adhering to VDA spec-
ifications [AK351]. It accommodates various surfaces 
and obstacles for stiffness evaluation. Equipped with 
three electric drive actuators and spindle drives, the rig 
ensures precise translational and rotational move-
ments. A strain gauge-based wheel hub measures 
forces up to 40 kN and moments up to 5.1 kNm. In this 
study, tire footprints are measured using a truck tire 
pressure-mapping sensor (X3 IX500:256.256.16) from 
XSENSOR Technology Corporation, employing ca-
pacitive pressure imaging with a resolution of 1.6 mm 
and a pressure range of 69–2070 kPa (Fig. 4a). The 
sensor is placed on a flat surface mounted on the test 
rig's platform. The tire used (Fig. 4b), a Pirelli ST:01T 
(dimensions 385/55R22.5, load index 160, speed index 
K), is tested at 35.3 MPa under 10-bar inflation pres-
sure. The resulting footprint is shown in Figure 4c. 
 

 
 
Figure 4. Measurement setup and results: (a) ika tire stiffness 
test rig, (b) tire specimen, (c) footprint under load of 35.3 kN. 



3.2 Performance comparison with conventional 
concrete surface layers 

To evaluate the static effectiveness of MCF reinforce-
ment, a pavement structure with a 29 cm concrete 
layer, a 30 cm gravel base, and an anti-frost layer 
(RStO 12/24, BK 100) is numerically analysed. The 
model parameters are determined using uniaxial com-
pression tests for C40/50 concrete (Tab. 1). Unbound 
layers are modelled as linear elastic based on the Ev2 
minimum value. The compressive stress field (Section 
3.1) is distributed over a 19 x 18 nodal surface via bi-
linear interpolation. Figure 5 shows the road super-
structure, meshing, and resulting footprint. 
 

 
 
Figure 5. Pavement structure, mesh and interpolated footprint. 

 
Following this, two mats of MCF reinforcement are 
placed at a distance of 15 mm from the surfaces while 
maintaining the superstructure geometry. The upper 
layer is needed for targeted crack widening control. 
Based on the displacements at the interface between 
concrete and the gravel base in Figure 6a, it is shown 
that the max. deflection of the reinforced road section 
(MCF) is approx. 50% lower with identical geometry. 
The stiffening effect of the reinforcement under load 
can therefore be confirmed. In a second step, the height 
of the concrete slab is reduced by 50%, while the sur-
face spacing of the reinforcement is maintained. It can 
be seen that the max. vertical deflection (0.5 H) is 
only increased by a factor of 1.4 compared to the un-
reinforced variant (Con). For all the variants studied, 
no damage evolution is detectable (Fig. 6b). 
 

 
 
Figure 6. (a) Vertical displacement characteristics along x-direc-
tion at the concrete-gravel base interface and (b) damage evolu-
tion. 

4 DISCUSSION 

This work uses FEM to enable a fundamental evalua-
tion of the contribution of carbon reinforcement to 

static load transfer of a concrete pavement structure. It 
is numerically demonstrated that halving the concrete 
layer thickness is feasible without damage evolution 
and with an acceptable mid-span deflection. It, thus, 
provides a basis and motivation for further numerical 
investigations and experiments on large-scale road 
structures, which in turn can be used for a more precise 
validation of the numerical material model. For a better 
assessment of the load on the road structure in the hor-
izontal direction, dynamic effects of the rolling tire, 
such as acceleration and deceleration, should be in-
cluded in the boundary conditions in future work. 
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1 INTRODUCTION 

Rehabilitating damaged hot mix asphalt (HMA) 
pavements by applying a new concrete overlay is a 
cost-effective rehabilitation strategy used in many 
countries. This approach, known as whitetopping, 
involves the installation of thin concrete slabs with 
closely spaced joints. The performance of whitetop-
ping overlays depends on several different parame-
ters, such as the residual load-bearing capacity of the 
existing pavement, the bonding properties in the as-
phalt-concrete interface or the dimensions of the 
whitetopping slabs (length, width, thickness). The 
condition of the transverse joints between adjacent 
concrete slabs also has an influence on the perfor-
mance of whitetopping overlays. Transverse joints 
can be dowelled, as is usual for conventional con-
crete pavements or whitetopping overlays with a 
thickness of > 20.0 cm [1, 2]. However, in the case 
of thin concrete layers, which are common in low-
ranking road networks, the installation of dowels is 
neglected due to low concrete coverage or for rea-
sons of cost efficiency. In this case, the load transfer 
capacity between adjacent concrete slabs in the driv-
ing direction is way more dependent on the aggre-
gate interlocking and friction effects in the interfaces 
of the transverse joints than for dowelled concrete 
slabs. 

While the modeling of dowelled transverse joints 
using the finite-elements-method and their influence 
on stress and strain characteristics and the technical 
service life is well investigated [3-8], this is not suf-
ficiently the case for thin whitetopping overlays with 

a layer thickness of around 10cm and undowelled 
transverse joints. The goal of this work is to investi-
gate the influence of different modeling approaches 
for aggregate interlocking and friction within the 
joints, on the technical service life of undowelled 
thin whitetopping overlays. For this purpose, cali-
brated and validated 3D FE models of an existing 
and instrumented whitetopping test section were 
used to determine traffic load stresses due to axle 
loads for heavy-load vehicle collectives according to 
[9] and [10]. Combined with calculated curl stresses 
according to the adapted theory of Eisenmann [11, 
12], the traffic load stresses were used as input pa-
rameters in a mechanistic-empirical design method 
for concrete pavements [10], which allowed the de-
termination of the technical service life of whitetop-
ping overlays under consideration of Smith's fatigue 
criterion. 

2 WHITETOPPING TEST-SECTION 

In December 2019, a test section for the whitetop-
ping construction method was built on the L45, a 
low-ranked road in the federal state of Lower Aus-
tria. As part of this process, the existing hot-mix as-
phalt (HMA) layer was milled to a remaining thick-
ness of 15 cm and replaced by new Portland cement 
concrete (PCC) slabs with a thickness of 10 cm and 
a length-to-width ratio of 3.0 m / 3.0 m = 1.0. Due to 
the low traffic volume at the existing road section 
and the small concrete slab dimensions of its white-
topping overlay, it was possible to realize transverse 
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 ABSTRACT: This paper examines the impact of various interface modeling techniques for undowelled trans-
verse joints on the technical service life of whitetopping overlays. Calibrated and validated multi-layer mod-
els of an existing whitetopping test track were modeled with four different modeling approaches, to simulate 
the interface behavior of the un-dowelled transverse joints. Finite-element-calculations using these multi-layer 
models were performed for determination of traffic load stresses which were further used as input parameters 
for the determination of the technical service life of the modeled whitetopping pavements. The resulting val-
ues for the technical service life were analyzed based on the influence of the different interface modeling ap-
proaches. 



joints without dowels. To examine the performance 
of undowelled transverse joints, the whitetopping 
overlay was instrumented with strain and tempera-
ture sensors near the transverse joints during its con-
struction. 

3 PAVEMENT MODEL 

3.1 Overall model structures and properties 
For the calculation of traffic load stresses calibrated 
and validated FE models of the whitetopping test, 
described in section 2, were used. This multi-layered 
pavement was modeled in the FE program 
Abaqus 2020 and consists of 10 cm thick concrete 
slabs with lengths and widths of 3.0x3.0 m on top of 
a 15 cm thick layer of hot mix asphalt (HMA). Be-
low the HMA layer, there is a 50 cm thick unbound 
base layer and the subgrade, which was modeled 
with a sufficient thickness of 120 cm. To save com-
puting time later, only half of the road cross-section 
was modeled using a corresponding symmetry plane 
and symmetry conditions (Figure 1).  

Figure 1. 3D multi-layer models used for FE-calculations 
(closer mesh in area of load impact) 

The Young's modulus of the modeled concrete 
layer was assumed to be constant at 40,000 MPa, 
in accordance with the results of final laboratory 
tests during the construction of the whitetopping 
road section. Due to the temperature-dependent 
material behavior of asphalt and the seasonal 
varying stiffness of the unbound base layer and 
the subgrade, Young’s moduli of these layers 
were also varied and assigned to four seasonal pe-
riods P1 to P4, assuming all material properties 
remained constant within each period. Due to this, 
Young’s modulus for the HMA layer between a 
range of 5.315 MPa (pre-summer and summer) 
and 14.925 MPa (winter) was used for modeling. 
The stiffness values of the unbound base layer 
(1.115 to 2.045 MPa) and the subgrade (460 to 
845 MPa) were also varied. All the varying values 
of Young’s moduli were determined within model 
calibration and validation using field measurement 
data from strain and temperature sensors installed 

in the existing test section as part of a previous 
project. 

Since the existing asphalt pavement was prepared 
by suitable cleaning and roughening measures be-
fore the whitetopping surface layer was applied with 
a good bond between the existing asphalt layer and 
the new concrete layer, the FE models were also 
modeled with good bonding properties at the con-
crete-asphalt interface. For this purpose, the cohe-
sive zone model approach was applied using tem-
perature-dependent model parameters according to 
[13]. 

3.2 Modeling of joints 
For the investigation of different modeling ap-
proaches of undowelled transverse joints on the 
technical service life of thin whitetopping overlays, 
four different approaches were modeled to describe 
bonding properties due to interlocking and friction 
within the transverse joint interface of adjacent pan-
els, which are listed and explained below: 

• Friction model with µ = 0.9 and µ = 0.1: The
friction modeling approach models the inter-
face using Coulomb friction, where the shear
stress at the interface is limited by the normal
contact pressure multiplied by the friction
coefficient μ [14]. To also consider different
joint conditions, FE calculations with a fric-
tion value of µ=0.9 (good joint condition)
and µ=0.1 (bad joint condition) were done.

• Frictionless interface: In this modeling ap-
proach, no resistance to tangential motion ex-
ists, meaning the interface can slide freely
without any shear stress transfer [14]. Alt-
hough this approach may not be physically
realistic for the characterization of transverse
joints, it served as a lower-bound reference
that simulates extremely bad joint conditions.

• Full bonding using rough interface modeling
[14]: A rough interface assumes that no slip
occurs at the contact surface (after the first
contact), meaning the interface behaves as if
it were fully bonded in the tangential direc-
tion. Although this approach may be more
accurate for the modeling of dowelled trans-
verse joints, it served as an upper-bound ref-
erence that simulates very good joint condi-
tions.

• Springs elements used as node connectors:
This approach models the interface as a set
of spring elements that provide tangential re-
sistance dependent on the modeled spring
stiffness. Two different values for spring
stiffness were used based on the lowest (for
poor joint condition) and highest (for good
joint condition) values according to [15].

In comparison to the transverse joints, the longitudi-
nal joints of the whitetopping road section were sup-



ported by inserted steel tie bars (3 tie bars per slab) 
to prevent the concrete slabs from drifting apart in 
the direction of travel. In the modeling, however, 
none of the steel elements were simulated, but a 
simplified elastic foundation approach was modeled 
instead. 

3.3 Modeling traffic loads 
As no appropriate traffic data was available for the 
existing whitetopping test section, relevant traffic 
loads were determined by a mechanistic-empirical 
design method for concrete pavements [10]. This 
method defines eleven different heavy-goods-
vehicle (HGV) categories (Figure 2), which repre-
sent the most common HGV configurations appear-
ing on the Austrian road network. It also allows the 
calculation of total weight distributions for HGVs of 
each of these vehicle categories and their respective 
axle loads by using parameters from statistical anal-
yses of traffic counting and weighing data obtained 
from the Austrian road network. All HGVs within 
the above-mentioned HGV categories can be split 
into two or more combinations of single-axle, dou-
ble-axle, or triple-axle units. Hence, only the wheel 
load positions of these three unit-types were mod-
eled in the multi-layer models. 
The individual wheel loads were modeled by circu-
lar areas with a static uniform load at the central 
edge of the slabs using wheel load positions and the 
radius of the load areas according to [10]. 
 

 
 

Figure 2. Overview of eleven HLV categories 

4 DESIGN METHOD 

For the determination of the technical service life of 
the modeled whitetopping pavements (Nres), the 
Austrian design guide for the mechanistic-empirical 
design for concrete pavements [10] was applied ac-
cording to [9]. The most important input parameters 
for this method are the traffic load stresses the curl 
stresses, and the bending tensile strength of the con-
crete overlay. 

The traffic-induced stresses were determined for 
the aforementioned seasonal periods P1 – P4, by fi-
nite-element calculations using the multi-layer 
pavement models explained in Section 2. Climatical-
ly induced stresses (curl stresses) were calculated 

based on Eisenmann's theory revised by Houben 
[12] for six different seasonal temperature periods 
TP1 - TP6 according to [10] and [16]. A concrete 
bending tensile strength of fct = 8.20 MPa was used 
for the calculations. This value represents the results 
of laboratory tests with concrete samples during the 
construction of the whitetopping test track. 

As part of this design method, the traffic load 
stresses for each variant of the considered axle load 
distributions of P1 – P4 were cumulated with the 
curl stresses of TP1 – TP6 according to the superpo-
sition principle (Minor's law). In the next step, 
Smith's fatigue criterion [11] was applied to estimate 
the technical service life. The resulting values of 
technical service life were further determined as the 
reciprocal values of the cumulative damages due to 
passages of HGVs from the different HGV catego-
ries.  

5 RESULTS 

The analysis of the deviations in technical service 
life resulting from different modeling approaches 
shows that the highest values (using rough model-
ing) are around +64.1 % higher than the lowest val-
ues (using frictionless modeling) of technical service 
life (Figure 3). This also shows a good correlation 
between the results due to the application of the fric-
tionless modeling approach, which represents bad 
interlocking within the transverse joints (as a lower 
bound reference), and the rough full bonding ap-
proach, which represents very good joint conditions 
(as an upper bound reference).  

In comparison to the frictionless approach for 
modeling poor joint conditions, the use of a friction 
model with a low friction coefficient of µ=0.10 re-
sults in a negligible deviation of the value of the 
technical service life. However, modeling good joint 
conditions by using a friction model approach with a 
high friction coefficient of µ = 0.90 results in a 
35.6 % lower technical service life in comparison 
with the results due to a rough (full bonding) ap-
proach. 

Modeling poor transverse joint conditions using 
springs with a low spring stiffness 
(ks,low = 7.2 kN/mm) results in significantly higher 
values (+33.3 %) of the calculated technical service 
life than using a frictionless modeling approach. The 
use of springs with a high spring stiffness 
(ks,high = 3.0 MN/mm) for modeling a good joint 
condition results in a 13.4 % lower value for the 
technical service life than using a rough approach. 
Comparing the results between spring modeling with 
low (ks,low) and high spring stiffnesses (ks,high) re-
veals only small differences in the determined values 
for the technical service life. The use of nearly 422 
times higher spring stiffness results in a +6.5 % 
higher value for the technical service life. 



 
 

 
 
 
 
 

 
 
 
 

 
 

 
Figure 3. Calculated technical service life Nres of thin concrete 
overlays due to different modeling approaches of undowelled 
transverse joints. 

6 CONCLUSION 

For finite-element modeling of whitetopping pave-
ments with undowelled transverse joints, these find-
ings emphasize the need for carefully selecting joint 
modeling approaches to ensure realistic technical 
service life determinations. 

Friction-based models tend to underestimate joint 
performance under good conditions, particularly 
when using high friction coefficients (e.g., µ = 0.90). 
Therefore, relying solely on friction models for well-
performing joints may lead to underestimating pre-
dictions of technical service life.  

Spring-based models, on the other hand, tend to 
overestimate service life, especially when using low 
spring stiffness values. The relatively small differ-
ence in service life between low and high spring 
stiffness suggests that these models may not accu-
rately capture joint behavior. To improve accuracy, 
spring stiffness values should be carefully calibrated 
against experimental or field data. 

For practical applications, a combination of ap-
proaches may be necessary: friction models with cal-
ibrated µ-values for poor joint conditions and ad-
justed spring stiffness values for better-performing 
joints. By refining these parameters, finite-element 
models can provide more reliable predictions, sup-
porting better pavement design and maintenance de-
cisions. 
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1 INTRODUCTION 

The implementation of bus lanes in large urban areas 
provides significant traffic benefits, such as increas-
ing average bus speeds, making public transportation 
more competitive with private vehicles. However, 
the constant need for rehabilitation and maintenance 
poses challenges for highly urbanized areas. There-
fore, the pursuit of more durable pavement structures 
is critical for public transport infrastructure. 
From a structural perspective, hot climates combined 
with the specific traffic characteristics of buses—
channeled, slow, and heavy—make conventional as-
phalt less suitable for bus corridors, stops, and ter-
minals. Conversely, poor construction practices in 
concrete pavements, particularly regarding joint 
placement, present difficulties in countries without a 
strong tradition of concrete pavement construction. 
For both asphalt and jointed plain concrete pave-
ments (JPCP), the most common areas of distress in 
bus corridors are bus stops and terminals, where 
slower speeds, frequent braking, and acceleration 
occur, as well as stationary vehicles. 
In response to these issues, this paper focuses on the 
design of short continuously reinforced concrete 
pavements (CRCP) as a potential solution for bus 
corridor stops and terminals. CRCP is a type of con-
crete pavement without contraction joints, allowing 
the slab to extend without length restrictions as long 
as concrete pouring continues. If the pouring is halt-
ed, a construction joint is introduced. While concrete 
is known for its susceptibility to cracking, CRCP 
differs from JPCP by using a high percentage of 
steel reinforcement placed above the slab's mid-
height. This reinforcement is intended to keep the 
inevitable cracks tightly closed, ensuring minimal  
 

 
 
 
impact on users and maintaining excellent load 
transfer through aggregate interlock (Roesler et al. 
2016). Studies suggest that CRCP's key advantages 
are its durability and reduced maintenance needs, 
making it a promising option for bus corridors (Tay-
abji et al. 1995; Gharaibeh et al. 1999; Won, 2011). 
To gain a deeper understanding of CRCP's behavior 
in tropical climates, four short CRCP sections, each 
50 meters long, were constructed in Sao Paulo (Bra-
zil) in 2010. These short sections exhibited an unu-
sual crack pattern, with fewer cracks than anticipat-
ed. This was likely due to the short length and lack 
of edge anchorage, which slowed the development of 
surface cracks. However, falling weight deflectome-
ter (FWD) and dynamic load testing confirmed typi-
cal CRCP performance, such as high load transfer 
efficiency (LTE), low deflections (except at the lon-
gitudinal edges), and low stresses (Salles et al. 
2015). Additionally, a complete structural assess-
ment was carried out using ultrasonic non-
destructive testing equipment (Salles et al. 2019a). 
Based on the detailed characterization of these sec-
tions, numerical simulations were conducted using 
the ISLAB finite element software for concrete 
pavements. A shift factor was determined by com-
paring field stresses obtained from dynamic load 
testing with theoretical stresses (Salles et al. 2019b). 
Using this model, critical environmental and vehicle 
loading scenarios were analyzed to identify optimal 
design parameters for short CRCP. This paper pre-
sents the resulting design recommendations. 
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ABSTRACT: Four short (50 m) sections of continuously reinforced concrete pavement (CRCP) were con-
structed as a proposed solution for bus stops and terminals, critical areas of public infrastructure. Initial analy-
sis revealed that these short CRCP sections exhibited distinct cracking behavior compared to traditional 
CRCP. To better understand their performance, a combination of ultrasonic testing and stress simulations was 
conducted. This paper presents key findings from stress simulations, which account for various pavement pa-
rameters as well as traffic and environmental loads. These simulations aim to develop rapid, reliable, and intu-
itive design recommendations for short CRCP applications. Additionally, a fatigue model was applied to as-
sess the performance of the experimental sections. This approach successfully identified the causes of three 
failures, which were traced to thickness deficiencies detected by ultrasonic testing. 



1.1 Short CRCP 
The experimental short CRCP sections were con-
structed between July and September 2010 during 
São Paulo's dry winter season. Designed to simulate 
a bus stop, each section was 50 meters long, much 
shorter than traditional CRCP, which can exceed 400 
meters. The sections had no anchorage at the ends, 
allowing longitudinal slab movement. Daily unidi-
rectional traffic included about 378 buses, 145 me-
dium trucks, and 750 cars. The old asphalt pave-
ment, heavily distressed by rutting and cracking, was 
completely removed. The CRCP sections were 5.5 
meters wide with 240 mm thick slabs, designed 
based on traffic and international urban pavement 
experience. The concrete had a flexural strength of 
4.5 MPa at 28 days, using granite aggregates and 350 
kg/m³ cement content. 
Transverse reinforcement used 20 mm diameter bars 
spaced 0.9 m apart, made from local CA-50 steel 
with a tensile strength of 500 MPa. Higher steel con-
tent increases cracking but provides tighter cracks 
(Verhoeven, 1992; Suh & McCullough, 1994; Kim 
et al. 1998.) The longitudinal reinforcement was po-
sitioned 110 mm from the surface, 10 mm above 
slab mid-height, ensuring crack control and prevent-
ing water-induced corrosion (Verhoeven, 1992; 
Gharaibeh et al. 1999). More detailed construction 
practices are documented elsewhere (Balbo et al, 
2012). 
Initial performance of the short CRCP sections was 
assessed through FWD and dynamic load testing in 
section 3, revealing performance consistent with 
well-functioning concrete pavements (Salles et al. 
2015). An ultrasound evaluation revealed variations 
in slab thickness and reinforcement spacing, result-
ing in recalculated steel percentages (Table 1). The 
ultrasonic analysis accurately predicted the devel-
opment of 10 surface cracks after testing (Salles et 
al. 2019a). Finite element modeling of the sections, 
informed by ultrasonic, FWD, and dynamic load 
testing data, showed that the field stresses aligned 
with theoretical models (shift factor near 1) only 
when assuming a 50-meter slab with no joints or 
cracks (Salles et al. 2019b). Due to construction de-
ficiencies, longitudinal cracks at the edges of sec-
tions 1 and 4 indicated early signs of punchouts.  

 
Table 1. Design and Post-construction features 

 Design Data Ultrasonic Data  

Sec. h* 
(mm) 

s** 
(mm) 

Steel 
% 

Avg. h 
(mm) 

Avg. s 
(mm) 

Actual 
Steel % 

1 240 300 0.44 216.1 284.4 0.52 
2 240 230 0.57 201.2 218.5 0.71 
3 240 170 0.77 221.1 171.7 0.82 
4 240 200 0.67 195.3 195.9 0.83 

*h = slab thickness 
**s = reinforcement steel spacing 

2 STRESS SIMULATIONS  

The short CRCP structure was simulated using the 
actual dimensions of 50 meters in length and 5.05 
meters in width. The fixed and variable input param-
eters are outlined in Table 2. The variables included 
vehicle load (standard dual-wheeled single axle), 
temperature differential, concrete slab thickness, and 
modulus of rupture. Vehicle load and temperature 
differential were varied to account for the different 
loads and thermal stresses the slab may face. The 
modulus of rupture variation was based on the fa-
tigue model used in the study, while slab thickness, a 
key design factor, was adjusted according to typical 
CRCP thicknesses found in the literature. 
 
Table 2. Input parameters for short CRCP simulation 

V
ar

ia
bl

e Vehicle Load (Q) kN 60 -140 
Thermal Differential (ΔT) °C 0 - 25 
Concrete Slab Thickness mm 200 - 400 

Concrete Modulus of Rupture (MR) MPa 3.5 – 6.0 

Fi
xe

d 
Concrete Density kg/m3 2,400 

Coefficient of Thermal Expansion °C-1 8x10-6 
Modulus of Elasticity MPa 30,000 

Poisson’s Ratio - 0.15 
Base Thickness mm 60 
Asphalt Density kg/m3 2,200 

Resilient Modulus MPa 7,000 
Poisson’s Ratio - 0.35 

Modulus of Subgrade Reaction MPa/m 100 
 
For the fixed parameters, the simulation assumed the 
use of a standard concrete mix with aggregates hav-
ing a low coefficient of thermal expansion (CTE) 
and proper curing procedures (Ryu et al. 2013; Ren 
et al. 2012). The asphalt base layer was modeled to 
have a high resilient modulus, simulating conditions 
where the base is not directly exposed to environ-
mental temperature fluctuations. The subgrade reac-
tion modulus was selected based on the stiffness of 
the concrete asphalt base, as previous studies have 
shown that asphalt bases enhance CRCP perfor-
mance due to their non-erodible nature (Johnson & 
Surdahl, 2006). 

2.1 Short CRCP simulation analysis   
Numerical simulations were conducted using the in-
puts from Table 2 on ISLAB 2000. Each slab thick-
ness was tested with all combinations of axle loads 
and thermal differentials. Figure 1a (80 kN axle 
load) shows that in a 200 mm slab, vehicle-only 
loading (ΔT=0) produces stresses comparable to 
those in a 400 mm slab subjected to both vehicle 
loading and a 10°C thermal differential. This high-
lights the significant impact of environmental loads 
on concrete slabs. Thicker slabs exhibit less stress 
variation than thinner slabs for the same thermal dif-
ferential. For instance, the stress difference between 



200 mm and 250 mm slabs is greater than between 
350 mm and 400 mm slabs, indicating that increas-
ing thickness beyond 400 mm is less effective in 
mitigating uniform thermal effects. 
In Figure 1b, for a 250 mm slab, stress increases lin-
early with axle load, while thermal differential caus-
es a constant stress increase, similar to Figure 1a. 
Notably, unlike traditional CRCP design, which fo-
cuses on top stresses, continuous short CRCP slabs 
experience principal stress at the slab bottom. 
 

 
(a) 

 
(b) 

Figure 1. Short CRCP stresses due to (a) thermal differential 
variation for several slab thickness; (b) axle load and thermal 
differential variation 

3 SHORT CRCP DISTRESS ANALYSIS 

The experimental short CRCP exhibited three dis-
tresses (Figure 2): corner cracking at the start of Sec-
tion 1, longitudinal cracking at the start of Section 4, 
and between cracks F3.7 and F3.11 in Section 3. 
These are referred to as distress 1, 4, and 3, respec-
tively. Distress 1 was noticed in October 2012, while 
distresses 4 and 3 appeared in November 2016 and 
January 2017, respectively. Ultrasonic and coring 
data showed thickness deficiencies in areas affected 
by distresses 1 and 4, both averaging just under 200 
mm. For distress 3, nearby measurements indicated a 
thickness variation between 163 and 267 mm. For 
simplicity, a uniform thickness of 200 mm was as-
sumed in all distressed areas. 
To investigate fatigue life consumption, traffic was 
analyzed. The average daily traffic (ADT) included 
378 buses and 145 medium-sized trucks. Buses were 
assumed to have 60 kN front axles and 100 kN rear 
axles, while trucks had 80 kN rear axles. The num-
ber of axle load repetitions and fatigue consumption 

were based on the Cervo and Balbo (2012) fatigue 
model as it is based on conventional Brazilian con-
crete and the Palmgren-Miner linear damage hypoth-
esis. Additionally, since the short CRCP exhibits a 
stress configuration that differs from traditional 
CRCP design and is not related to crack spacing, the 
MPDGE method was deemed inapplicable. Results 
considering 200 mm slab thickness and a 10°C 
thermal differential are in Table 3. The 60 kN and 80 
kN loads did not cause significant damage, but after 
two years, the 100 kN load reached 93% fatigue con-
sumption. Over six years, fatigue consumption ap-
proached 300%. 

 
 
Figure 2. Cracking distresses visible at the short 
CRCP surface 
 
Table 3. Fatigue consumption analysis  

 Section/Distress 1 4 3 
Axle 
Load 
(kN) 

Principal 
Stress 
(MPa) 

Number of  
Repetitions (N) Fatigue Damage 

60 2.62 1.71E+10 0 0 0 
80 3.09 8.09E+07 0 0 0 

100 3.57 3.09E+05 0.93 2.75 2.83 
 
Based on city standards for thermal differentials 
(Balbo & Severi, 2002), in Table 4, the 100 kN load 
combined with peak thermal differential (13 to 15 
hours, spring) accounted for 43% fatigue life con-
sumption for distress 1 and over 126% for distresses 
3 and 4. No traffic was observed between 19 and 8 
hours. These results align better with the observed 
failures. The distress in Section 1 was likely wors-
ened by rutting in the adjacent interlocked pavement, 
causing higher axle loads. This underscores the im-
portance of accurate traffic, axle load, and thermal 
differential data for pavement design and evaluation. 
 
Table 4. Traffic distribution and respective thermal 
differentials 

Time ADT 
(%) 

ΔT (°C) 
Spring Summer Fall Winter 

8-9h 7 6.25 5.75 0 0 
9-13h 14 6.25 5.75 4 5 
13-15h 4 12.5 11.5 8 10 
15-17h 13 6.25 5.75 4 5 
17-18h 8 6.25 5.75 4 0 
18-19h 8 0 5.75 0 0 



4 SUMMARY AND RECOMMENDATIONS 

To propose durable, low-maintenance pavement so-
lutions for bus stops and terminals, field perfor-
mance evaluations and simulations of experimental 
short continuously reinforced concrete pavement 
(CRCP) sections were analyzed, leading to several 
conclusions: the center edge is the critical location 
for short CRCP design and analysis; increasing 
thickness in thinner slabs (approximately 200 mm) is 
more effective in reducing thermal differential-
related stresses than increasing thickness in thicker 
slabs (around 400 mm); positive thermal differen-
tials create principal stress at the slab bottom, which 
differs from classic CRCP design that focuses on top 
stress. 
The following guidelines and recommendation 
short CRCP design are proposed: 

1. Short CRCP for bus stops and terminals 
should focus on a service life of over 25 years in ar-
eas with heavy vehicle traffic. Slabs should be at 
least 250 mm thick, considering vehicle and envi-
ronmental loading. A 60 mm minimum hot-mix as-
phalt base is required for maintaining a high sub-
grade modulus and providing a non-erodible 
foundation. 

2. The allowable number of load repetitions 
should align with the expected load repetitions (pro-
ject N), using the Palmgren-Miner fatigue life con-
sumption hypothesis. Accurate axle load and thermal 
differential data, including hourly variations, should 
be used in design. 

3. The longitudinal steel percentage should 
range between 0.7% and 0.8% to ensure adequate 
crack width. Steel depth should be between 76 mm 
and 100 mm from the surface to protect against cor-
rosion and ensure tight cracks. 

4. Aggregates with low CTE should be used in 
the concrete mix design. Strict curing practices must 
be followed to prevent shrinkage, with curing com-
pound applied at 2.5-5 m²/liter for seven days (Roes-
ler et al. 2016). 

5. Transition joints should be placed at the 
transverse edges of the 50 m short CRCP to prevent 
joint-related distresses. The FHWA CRCP manual 
suggests four transition options for CRCP to JPCP, 
with the doweled joint (option 3) preferred for sim-
plicity (Roesler et al. 2016). For asphalt transitions, 
the manual recommends a sleeper slab connected by 
an I-beam to the asphalt pavement. 
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1 INTRUDUCTION 

Road safety has been a primary concern for drivers 
since the inception of roads designed for high-speed 
and long-distance travel. In addition to roadway geo-
metric design, pavement skid resistance is a crucial 
element that directly impacts driving safety (Fwa, 
2021). Moreover, road crash investigations and his-
torical statistical data by researchers in different parts 
of the world have indicated that the number of wet-
weather crashes increases as pavement skid resistance 
decrease (Ivan, et al., 2010; Merritt, et al., 2015). 
Based on statistical data, the possibility of accident 
occurrence on wet pavements is 10 times greater than 
on dry pavements (Ling, et al., 2023). Consequently, 
the reduction of wet pavement friction through the 
mechanism of water film thickness typically involves 
the creation of a thin layer of water between the tire 
and the road surface (Fwa, 2021). Water film thick-
ness (WFT), illustrated in Figure. 1, was calculated to 
be the thickness of water film on the pavement during 
rainfall, measured from the top of the pavement sur-
face (Ling, et al., 2023; Xie, et al., 2018). Water film 
on pavements creates uplift forces on vehicle tires, 
potentially causing a portion of the tires to lift off the 
pavement surface. This film acts as a lubricant layer, 
reducing the friction between the vehicle tire and the 
pavement (Pourhassan, et al., 2021). the decrease in 
friction reduces skid resistance and overall vehicle 
control in wet or rainy conditions (Fwa, 2021).  

In contemporary highway engineering, particu-
larly in the formulation of road safety-related models 
and analyses concerning pavement skid resistance, 
practitioners often resort to empirical correlations or 
predefined values for pavement skid resistance. How-
ever, it is important to note that wet pavement friction 
can vary depending on factors such as pavement sur-
face texture, water film thickness, and vehicle speed 
(Fwa, 2021). Thus, this study is specifically con-
cerned with investigating the influence of pavement 
surface texture and water film thickness on wet pave-
ment friction for tined concrete pavement.  

The British Pendulum Tester (BPT) has been the 
most common device used worldwide for laboratory 
skid resistance testing of pavement materials for more 
than 50 years (Guo, et al., 2021). The British pendu-
lum number (BPN) is commonly employed to deter-
mine friction for geometry design, including design 
speed and stopping sign distance, as well as for pave-
ment management systems (Leu & Henry, 1978; Xie, 
et al., 2018). This procedure is outlined in the ASTM 
E303-93 standard (ASTM, 1998) creates water film 
thickness by spraying water onto the pavement sur-
face. However, this standard lacks specifications re-
garding the required amount of water and fails to pro-
vide specific information about the thickness of the 
water film during testing. Consequently, it cannot de-
liver precise data on water film thickness alongside 
the BPN. Furthermore, reliable estimation of friction 
for specific water film thicknesses, especially in the 
case of thicker water films, may not be achievable 
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through this method. To address these issues, in this 
study, water film thickness (WFT) and the British 
Pendulum Number (BPN) were measured by creating 
controlled rainfall using a rainfall simulator across 
various pavement surfaces, rainfall intensities, pave-
ment slopes, and drainage path lengths. The aim is to 
establish the relationship between WFT and BPN for 
wet pavement friction across various pavement sur-
faces. Additionally, the study aims to determine water 
film thicknesses corresponding to the British Pendu-
lum Numbers measured when employing the ASTM 
E303-93 standard. This study considers five pave-
ment surface textures: a smooth surface, a trans-
versely tined surface with 16mm spacing, a trans-
versely tined surface with 25mm spacing, a 
longitudinally tined surface with 16mm spacing, and 
a longitudinally tined surface with 25mm spacing. 
Measurements were conducted for WFTs under dry 
conditions, wet conditions with water spraying, and 
using a rainfall simulator. 

Figure 1. Definition of Water Film Thickness 

2 MECHANISM OF THE WET PAVEMENT 
FRICTION GENERATION 

 
Hydroplaning can occur when vehicles travel at 

high speeds on pavement surfaces with a relatively 
thin film of water. Hydroplaning is initiated when wa-
ter pressure builds up at the pavement-tire interface, 
causing a separation between the vehicle tire and the 
pavement surface. This separation results in a near-
zero level of friction, as depicted in Figure. 2 
(NCHRP, 2009).  

Figure 2. Hydroplaning 
 

According to the Guide for Pavement Friction 
(NCHRP, 2009), the coefficient of friction of a vehi-
cle tire sliding over a wet pavement surface decreases 
exponentially as WFT increases, and a very small 
amount of water can significantly reduce pavement 
friction. According to previous studies (Ling, et al., 
2023; Xie, et al., 2018), WFT is considered to be 
highly correlated with local rainfall coefficients (in-
cluding rainfall intensity and duration) and pavement 

properties (including pavement geometry and tex-
ture). Therefore, this study considers factors such as 
rainfall coefficient, drainage path length, texture 
properties, and pavement geometric indices to pro-
duce various WFT values, and evaluate the influence 
of WFT on the BPN. 

3 RESEARCH METHODOLOGY  

3.1 Test section 

For the purpose of accurate representation of actual 
rainfall, a simulator was designed with a capacity of 
0 to 130 mm/h, using six pipelines with six sprinklers 
each (36 in total), as shown in Figure. 3. The required 
rainfall intensity was controlled through water pres-
sure and sprinkler speed, and measured by collecting 
water over 15 minutes, then converting the volume to 
mm/hr.  

Figure 3. Rainfall Simulator (a) Experiment conditions (b) 
Actual Rainfall Simulator 

3.2 Experiment Conditions 

In this study, WFT and BPN were measured using ar-
tificial rainfall simulated with a rainfall simulator 
across various pavement surfaces as shown in Figure. 
4. A total of 135 tests were conducted during this ex-
perimental study to investigate the effect of WFT on 
BPN for each slab. Each test was repeated at least four 
times to obtain reliable results. The slabs were ex-
posed to varying rainfall intensities, measured at 30 
mm/h, 80 mm/h, and 130 mm/h. For each of these 

 Total 
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intensity levels, tests were conducted on the slabs at 
2%, 5%, and 10% slopes, representing the slopes of 
road surfaces. 

Figure 4. Experiment Conditions 

3.3 Measurement of the British pendulum 
numbers 

The BPT is globally accepted due to its versatility 
(Zaid et al., 2019). The resulting measurement is 
known as the British Pendulum Number (BPN). BPN 
was measured under three conditions: dry, wet with 
sprayed water, and wet using a rainfall simulator. 
Tests in both wet and dry states were performed in 
two directions, as shown in Figure. 5. For sprayed wet 
conditions, water was applied continuously per 
ASTM E303-93 standards (ASTM, 1998). For rain-
fall-simulated wet conditions, BPN and WFT were 
measured under various parameters like pavement 
slope, rainfall intensity, and drainage path length 
(Figure. 6). In this setup, BPN and WFT were taken 
at three points per drainage path length, totaling 45 
points across 5 path lengths and three pavement sur-
faces. Each BPN reading was repeated at least four 
times. BPN values were recorded in two directions: 
longitudinally along the tined line and transversely, 
with spacings of 25 mm and 16 mm, respectively.  

Figure 5. British Pendulum Number measurement of the 
dry and wet condition according to ASTM E303-93 (a) Trans-

verse tined (b) Longitudinal tined   

Figure 6. (a) Distant view of British Pendulum Number 
measurement in wet conditions, (b) Close-up view of British 

Pendulum Number measurement in wet conditions. 

4 RESULTS AND DISCUSSION  

4.1 Determination of the water film thickness for 
the British pendulum test 

Table 1 shows a summary of the WFT corresponding 
to the average BPN under wet conditions achieved by 
spraying water according to ASTM 303-93 standards 
for each pavement surface. For the non-tined surface, 
the WFT of 1.2mm corresponds to a BPN of 62. Ad-
ditionally, WFT of 0.3mm corresponding to BPN is 
78 for longitudinal tined with 25mm spacing and 80 
for longitudinal tined with 16mm spacing. Addition-
ally, WFT of 0.6mm corresponds to BPN of 78 for 
longitudinal tined surfaces with 25mm spacing, and 
80 for those with 16mm spacing. Test results for both 
dry and wet pavement friction were obtained accord-
ing to ASTM E303-93 by simulating water film thick-
ness through spraying 
 
Table 1.  Summary the results 

4.2 The Effect of Water Film Thickness on British 
Pendulum Numbers in Various Pavement 
Surfaces 

 Figure. 7 illustrates that BPN significantly decreases 
as WFT increases. The figure shows a BPN reduction 
from 80 to 40 with an increase of WFT from 0 to 
2.4mm, signifying a declining rate of approximately 
14.6 BPN per millimeter increase in WFT. As earlier 
shown in Table 1, the spraying wet condition BPN 
measured according to ASTM E 303–93 on a non-
tined surface is 62, corresponding to a WFT of 
1.2mm. Thus, it can be inferred that spraying water 
on the non-tinning surface produces a WFT of 
1.2mm, reducing the BPN from the dry condition 
value of 83 to a value of 62. Moreover, for the rela-
tionship between BPN and WFT, noting a decrease in 
BPN by 11.9 per mm increase in WFT for longitudi-
nal tined with 16mm spacing and 13.1 per mm in-
crease in WFT for longitudinal tined with 25mm 
spacing. Similarly, the BPN significantly decreases in 
BPN by 8.57 per mm increase in WFT for traverse 
tined with 16mm spacing and 8.31 per mm increase 
in WFT for traverse tined with 25mm spacing.  
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84 80 0.6 

(a) (b) 

(a) (b) 

Rainfall Simulator (0-130 mm/h) 

WFT (random) WFT (0-5mm) 

Spra
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In comparison to the transversely tined surface, it was 
observed that non-tined and longitudinally tined sur-
faces exhibited a significant decrease in BPN as WFT 
increased, as illustrated in Figure. 6. The relationship 
between BPN and WFT for longitudinal tinning 
closely mirrors that of non-tined surfaces. This simi-
larity can be attributed to the lower friction resistance 
observed in both non-tined and longitudinally tined 
pavements, in contrast to surfaces with transverse tin-
ning. Moreover, both 25 mm longitudinal and trans-
verse tined surfaces exhibited significantly greater 
decrease in BPN compared to 16mm spacing at same 
WFT. This can be attributed to the improved friction 
in the 16 mm spacing due to the higher number of 
tined lines. 

Figure 7. Relationship between water film thickness and 
British pendulum number 

5 SUMMARY AND CONCLUSION  

In conclusion, this study demonstrates the importance 
of considering water film thickness in pavement fric-
tion design. Ensuring that the British Pendulum Num-
ber provides a more reliable representation of wet 
pavement friction requires accounting for actual wa-
ter film thickness, which is influenced by various fac-
tors such as pavement slope, rainfall intensity, drain-
age path length, and pavement surface texture. Based 
on the test results, it was determined that the non-
tined surface had a WFT of 1.2mm, corresponding to 
a BPN of 62. The longitudinal tined surfaces with 
25mm and 16mm spacing had WFTs of 0.3mm, cor-
responding to BPNs of 78 and 80 respectively, while 
the transverse tined surfaces with 25mm and 16mm 
spacing had WFTs of 0.6mm, corresponding to BPNs 
of 78 and 80. Furthermore, the relationship between 
BPN and WFT for longitudinal tinning closely mir-
rors that of non-tined surfaces, attributed to the lower 
friction resistance in both non-tined and 

longitudinally tined pavements, in contrast to surfaces 
with transverse tinning. 
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1 INTRODUCTION 
In rigid pavements, the tensile failure of concrete is 
intentionally utilized as a design mechanism due to 
the relatively large tensile stresses caused by heavy 
traffic loading conditions and thermal gradients. 
Since the tensile strength of concrete is difficult to 
measure directly, indirect methods such as the modu-
lus of rupture have been adopted (Wittman, 2005). 

The modulus of rupture (𝑓𝑓𝑟𝑟), or flexural strength, is 
a measure of the maximum amount of stress that a 
material can withstand before breaking or failing un-
der a bending load. Higher 𝑓𝑓𝑟𝑟 values correspond to the 
materials’ ability to have a greater resistance to cyclic 
loading (e.g., traffic loads or freeze-thaw cycles). 
While this property characterizes the apparent flex-
ural strength of concrete, it is evident that it is also 
dependent on related fracture mechanisms such as the 
size effect or the overall fracture energy required to 
initiate crack propagation (Bažant and Li, 1995). 

Due to the quasi-brittle nature of concrete, linear 
elastic fracture mechanics (LEFM) only provide a 
limited accuracy in numerical analyses. Quasi-brittle 
materials tend to exhibit a large, nonlinear, fracture 
process zone (FPZ) in front of the crack tip, which 
other models like Cohesive Zone Models (CZMs) 
seek to address (Hillerborg et al., 1976). Essentially, 
a CZM characterizes the relationship between trac-
tion and separation at the crack tip; Therefore, trac-
tion laws can be defined to represent these processes 
at crack interface. 

Roesler et al. (2007) implemented a bilinear trac-
tion law for CZM analysis of concrete flexural tests. 
In their study, cohesive elements were placed at the 
boundary of a crack at the center of a beam model, 
closely resembling testing conditions. However, fi-
nite element models like this typically require ex-
tremely fine meshes near the crack. More recently, 
Sen & Khazanovich (2021) developed a simplistic 2D 
finite element model, referred to as the “self-con-
tained” crack element, to reduce mesh complexity 
and improve computational efficiency.  

This model has effectively simulated crack propa-
gation in beams in both flexural and tension scenar-
ios, showing relationships between 𝑓𝑓𝑟𝑟 and CZM pa-
rameters. However, the model has not yet been 
adapted to include a notch in the beam geometry. The 
inclusion of a notch is particularly important for fa-
cilitating mode I (pure bending) fracture, ensuring 
that a crack propagates at midspan during three- or 
four-point bending laboratory tests (Yin et al., 2019). 

This paper proposes a modified version of the self-
contained crack element model. The inclusion of a 
notch enables future comparisons with experimental 
data. Additionally, the modified model reduces the 
number of matrix inversion operations, further en-
hancing computational speed. These changes aim to 
improve the model's accuracy and provide more re-
fined estimates of values such as the modulus of rup-
ture for use in rigid pavement design.   
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ABSTRACT: Cohesive Zone Models (CZMs) are valuable tools in finite element modeling of crack propaga-
tion in concrete structures, including concrete pavements. A recent 2D crack element, developed by Sen & 
Khazanovich (2021), provides a simplified and computationally efficient approach for modeling crack behav-
ior, including the simulation of concrete's flexural performance. While effective, the model does not currently 
account for notched beam geometries, which are essential for comparisons with experimental data. Addition-
ally, the existing solution procedure involves matrix inversions for all elements, including those with unchanged 
stiffness, leading to computational inefficiencies. This paper extends the crack element model by incorporating 
notched beam geometry and introducing a modified solution procedure to reduce computational demands. Re-
sults show that increasing notch depth decreases tensile strength, while sensitivity to the kink-point ratio in the 
bilinear traction law remains limited. The proposed modifications significantly enhance computational perfor-
mance and accuracy, laying the groundwork for future calibration and validation against experimental data. 



2 ELEMENT MODELING 

The model consists of an intermediate self-contained 
crack element surrounded by Euler beam elements, as 
shown in Figure 1. Each connecting node allows for 
rotation and translation in the x and y direction. The 
two nodes connected to the boundary of the crack el-
ement undergo iterative displacements to simulate the 
loading conditions. 
 A beam in this analysis is comprised of a length (𝐷𝐷) 
in the y direction, height (ℎ) in the x direction, and a 
unit thickness (𝑏𝑏) for simplified 2D modeling. The 
𝐷𝐷/3 dimensions serve as an example of four-point 
bending conditions. 

  

Figure 1. Self-contained crack element model 

2.1 Crack element 
The crack element is defined by a combination of co-
hesive Park–Paulino–Roesler (PPR) elements (Park 
et al., 2009) with pre-meshed bulk elements, as shown 
in Figure 2. There are 𝑁𝑁𝑥𝑥 bulk elements in the x di-
rection and 2𝑁𝑁𝑑𝑑 in the y direction. The multiplication 
by two in the y direction accounts for model sym-
metry about the center of the beam, only requiring 
user input for half of the number of elements. There 
must be an additional element along the length of the 
beam to include the zero-width cohesive elements, re-
sulting in a total number of 𝑁𝑁𝑥𝑥 × (2𝑁𝑁𝑑𝑑 + 1) ele-
ments. 

 

Figure 2. Bulk and zero-width cohesive elements within crack 
element 

2.1.1 Bulk elements 
The stiffness matrix of the bulk elements are based on 
bilinear, quadrilateral elements, described by 
Young’s modulus (𝐷𝐷), Poisson’s ratio (𝜈𝜈), and two 
degrees of freedom (DOF) at each node for transla-
tions. Since this is a 2D finite element analysis, it is 
assumed that the thickness of the beam, 𝑏𝑏, is much 

smaller than the length and height; thus, a plane stress 
state is used for stiffness matrix evaluation. 

2.1.2 Cohesive elements 
A bilinear traction separation law (Figure 3) charac-
terizes crack propagation in the cohesive elements. 
Other CZM models can be implemented in future 
analyses, if necessary. This bilinear law is a function 
of crack opening width (𝑤𝑤), stress (𝜎𝜎), total fracture 
energy (𝜙𝜙), and kink-point ratio (𝜓𝜓) – which relates 
to the transition between initial linear elastic behavior 
and subsequent softening behavior for materials un-
der tension (Roesler et al., 2007). This ratio is critical 
for understanding how cracks initiate and propagate, 
as it helps define the tensile strength (𝑓𝑓𝑡𝑡′) and crack 
opening metrics of the material (Tompkins et al., 
2015). 

 

Figure 3. Bilinear softening curve adapted from Roesler et al. 
(2007) 

2.2 Euler beam elements and connections 
Each beam element is then characterized by their ge-
ometry and Young’s Modulus (𝐷𝐷). The development 
of a transverse crack creates an additional moment, 
coupling with axial displacements (Rice & Levy, 
1972), leading to three DOFs (axial, transverse, and 
rotational) instead of the typical two in conventional 
beam elements (only axial and transverse). Individual 
stiffness matrices are evaluated as a combination of 
Euler-Bernoulli beam theory and rod theory (Zienkie-
wicz et al., 2000). 

Part of the modeling process involves linking the 
crack element to the neighboring rod elements, which 
is further described in the original paper (Sen & Kha-
zanovich, 2021).  

2.3 Notched beam adaptation 
To implement a notched beam into the model, a new 
user input for notch ratio (𝑎𝑎 ℎ⁄ ) is required. In this 
case 𝑎𝑎 is the depth of the notch and ℎ is the height of 
the beam (Figure 4), as previously mentioned. 

During the iterative solution procedure, the cohe-
sive stress between nodes connecting the zero-width 
element to the bulk elements is set to zero. This al-
lows the solver to treat these elements as already sep-
arated and to focus on the remaining, unsevered 



elements for stress development. By fixing one sup-
port condition and allowing the other support to move 
freely in the y-direction, this resembles similar condi-
tions to experimental testing. 

This four point bending configuration ensures that 
the beam will be loaded in a purely bending fashion 
and eliminate the effect of any shear forces develop-
ing within the crack, which is commonly adjusted in 
the experimental post-processing of three point 
notched beam fracture tests. 

 

Figure 4. Typical notched beam four-point bending test config-
uration 

3 MODFIED SOLUTION PROCEDURE 

This self-contained crack element model significantly 
reduces the computational complexity required to run 
analyses – relative to other finite analyses that require 
a much finer mesh around the crack zone. An accurate 
analysis with the model proposed in this study re-
quires approximately 10 elements in both the x and y 
direction of the crack element, which is the only part 
of the model that has any bulk elements.  

Sen & Khazanovich (2021) proposed the following 
five-step procedure for modeling crack propagation:  

Step 1: Evaluation of Element Properties: The stiff-
ness matrix and force vector for beam elements and 
the crack element are computed, incorporating bulk 
and cohesive components. Displacements from the 
previous time increment are used for cohesive ele-
ments. 

Step 2: Reduction of Crack Element: The stiffness 
matrix and force vector of the crack element are re-
duced to boundary nodes using static condensation. 
The algorithm involves partitioning the stiffness ma-
trix of the crack element, 𝐾𝐾𝑐𝑐𝑟𝑟 , as well as the corre-
sponding force and displacement vectors, 𝑓𝑓𝑐𝑐𝑟𝑟 and 𝑢𝑢𝑐𝑐𝑟𝑟 
respectively, into boundary (subscript 𝑏𝑏) and interior 
(subscript 𝑖𝑖) DOFs to obtain the relationship: 

�𝐾𝐾𝑏𝑏𝑏𝑏 𝐾𝐾𝑏𝑏𝑏𝑏
𝐾𝐾𝑏𝑏𝑏𝑏 𝐾𝐾𝑏𝑏𝑏𝑏

� �
𝑢𝑢𝑏𝑏
𝑢𝑢𝑏𝑏 � = �𝑓𝑓𝑏𝑏𝑓𝑓𝑏𝑏

� (1) 

Then, the condensed stiffness matrix and force vec-
tor corresponding to the boundary nodes, 𝐾𝐾𝑏𝑏𝑏𝑏∗  and 𝑓𝑓𝑏𝑏∗: 

𝐾𝐾𝑏𝑏𝑏𝑏∗ = 𝑘𝑘𝑏𝑏𝑏𝑏 − 𝐾𝐾𝑏𝑏𝑏𝑏𝐾𝐾𝑏𝑏𝑏𝑏−1𝐾𝐾𝑏𝑏𝑏𝑏; 𝑓𝑓𝑏𝑏∗ = 𝑓𝑓𝑏𝑏 − 𝐾𝐾𝑏𝑏𝑏𝑏𝐾𝐾𝑏𝑏𝑏𝑏𝑓𝑓𝑏𝑏 (2) 

Step 3. Integration into Beam Model: The reduced 
crack element is connected to adjacent beam ele-
ments. 

Step 4. Assembly and Solution: All element matri-
ces and vectors are assembled, boundary conditions 
are applied, and the system is solved using an FE 
solver.   

Step 5. Displacement Reconstruction: Node dis-
placements (𝑢𝑢𝑏𝑏 and 𝑢𝑢𝑏𝑏) are reconstructed for use in 
the next iteration, completing the time-step loop. 

This approach was adapted in this study, wherein 
Step 2 was significantly modified. The drawback of 
the procedure described above is the requirement to 
inverse the stiffness matrix 𝐾𝐾𝑏𝑏𝑏𝑏 at every time incre-
ment. However, the majority of the elements forming 
this portion of the structure are linear elastic, i.e. not 
changing from one time-step to another, while stiff-
nesses of only a small number of cohesive elements 
have to be adjusted. To address this limitation, the 
nodes of the crack element were partitioned into three 
groups: boundary (subscript 𝑏𝑏), cohesive (subscript 𝑐𝑐) 
and interior (subscript 𝑒𝑒), i.e. not belonging either to 
the boundary oi cohesive elements leading to the fol-
lowing relationship: 

�
𝐾𝐾𝑏𝑏𝑏𝑏 𝐾𝐾𝑏𝑏𝑏𝑏 𝐾𝐾𝑏𝑏𝑐𝑐
𝐾𝐾𝑏𝑏𝑏𝑏 𝐾𝐾𝑏𝑏𝑏𝑏 𝐾𝐾𝑏𝑏𝑐𝑐
𝐾𝐾𝑐𝑐𝑏𝑏 𝐾𝐾𝑐𝑐𝑏𝑏 𝐾𝐾𝑐𝑐𝑐𝑐

��
𝑢𝑢𝑏𝑏
𝑢𝑢𝑏𝑏
𝑢𝑢𝑐𝑐
� = �

𝑓𝑓𝑏𝑏
𝑓𝑓𝑏𝑏
𝑓𝑓𝑐𝑐
� (3) 

Then, the condensed stiffness matrix and force vec-
tor corresponding to the boundary nodes, 𝐾𝐾𝑏𝑏𝑏𝑏∗  and 𝑓𝑓𝑏𝑏∗: 

𝐾𝐾𝑏𝑏𝑏𝑏∗ = 𝐾𝐾𝑏𝑏𝑏𝑏 − 𝐾𝐾𝑏𝑏𝑏𝑏𝐾𝐾𝑏𝑏𝑏𝑏−1𝐾𝐾𝑏𝑏𝑏𝑏 − 𝐾𝐾𝑏𝑏𝑏𝑏𝐾𝐾𝑏𝑏𝑏𝑏−1𝐾𝐾𝑏𝑏𝑐𝑐(𝐾𝐾𝑐𝑐𝑐𝑐 −
𝐾𝐾𝑐𝑐𝑏𝑏𝐾𝐾𝑏𝑏𝑏𝑏−1𝐾𝐾𝑏𝑏𝑐𝑐)−1𝐾𝐾𝑐𝑐𝑏𝑏𝐾𝐾𝑏𝑏𝑐𝑐−1𝐾𝐾𝑏𝑏𝑏𝑏 (4) 

𝑓𝑓𝑏𝑏∗ = 𝑓𝑓𝑏𝑏 + 𝐾𝐾𝑏𝑏𝑏𝑏𝐾𝐾𝑏𝑏𝑏𝑏−1𝐾𝐾𝑏𝑏𝑐𝑐(𝐾𝐾𝑐𝑐𝑐𝑐 − 𝐾𝐾𝑐𝑐𝑏𝑏𝐾𝐾𝑏𝑏𝑏𝑏−1𝐾𝐾𝑏𝑏𝑐𝑐)−1(𝑓𝑓𝑐𝑐 −
𝐾𝐾𝑐𝑐𝑏𝑏𝐾𝐾𝑏𝑏𝑏𝑏−1𝑓𝑓𝑏𝑏) (5) 

The advantage of this approach is that only matrix 
𝐾𝐾𝑐𝑐𝑐𝑐 changes from one time increment to another. All 
other matrixes should be computed only in the first 
time increment. Computation of the condensed stiff-
ness matrix for other steps requires only inversion of 
the matrix (𝐾𝐾𝐷𝐷𝐷𝐷 − 𝐾𝐾𝐷𝐷𝐿𝐿𝐾𝐾𝐿𝐿𝐿𝐿−1𝐾𝐾𝐿𝐿𝐷𝐷) and its multiplication 
to the pre-computed matrixes. This significantly im-
proves computational efficiency of the process.  

4 EFFECT OF NOTCH ON FLEXURAL 
STRENGTH 

From a single crack element simulation, the flexural 
strength (𝑓𝑓𝑟𝑟) is computed with the resulting peak load 
𝑃𝑃, as defined in the following equation: 

𝑓𝑓𝑟𝑟 = 𝑃𝑃𝐿𝐿
𝑏𝑏ℎ2

 (6) 

 To investigate the effect of notch depth on flexural 
strength, a factorial analysis of the inputs described in 
Table 1 was conducted, resulting in over 3,000 cases. 



A notch ratio of zero is not considered, as it corre-
sponds to the original model solution. The notch ratio 
was incremented by 0.1, ranging from 0.1 to 0.5, 
where 0.5 represents a notch depth equal to half the 
beam height.  

Material properties such as 𝐷𝐷, 𝜙𝜙, and 𝜓𝜓, were se-
lected within typical ranges for concrete. The beam 
geometry was fixed to a height of 150 mm and an 
overall span length of 450 mm to reflect standard la-
boratory flexural tests. For the 2D plane-stress finite 
element analysis, a unit width of 1 mm was used. A 
tensile strength (𝑓𝑓𝑡𝑡′) of 3.4 N/mm2 was assumed and 
applied to produce nondimensional results. 
 
Table 1. Ranges of variables for factorial 

Variable Desc. Unit Range 
𝑎𝑎/ℎ notch ratio ~ 0.1-0.5 
𝐷𝐷 elastic modulus N/mm2 31,000-50,000 
𝜙𝜙 total fracture energy N/mm 0.100-0.250 
𝜓𝜓 kink-point ratio ~ 0.200-0.500 

 
 Figure 5 presents the results of the factorial anal-

ysis for flexural strength versus Hillerborg’s charac-
teristic length (𝐼𝐼𝑐𝑐ℎ), used to characterize fracture 
based on the associated inputs and scaled to the input 
tensile strength (Hillerborg et al., 1976): 
𝐼𝐼𝑐𝑐ℎ
ℎ

= 𝜙𝜙𝐿𝐿

ℎ𝑓𝑓𝑡𝑡′
2 (7) 

 

Figure 5. Nondimensional flexural strength versus characteristic 
length 

 This factorial reveals a minimum flexural strength 
of 2.50 N/mm2 when the notch ratio is 0.5 with a char-
acteristic length of 1.86 (𝜙𝜙 = 0.102 N/mm, 𝐷𝐷 =
 31,000 N/mm2). A maximum flexural strength of 
6.31 N/mm2 is observed when the notch ratio is 0.1 
with a characteristic length of 6.98 (𝜙𝜙 = 0.248 
N/mm, 𝐷𝐷 = 48,800 N/mm2). 

5 CONCLUSION 

This paper presents an adaptation of the self-con-
tained crack element developed by Sen & Khaza-
novich (2017), incorporating the notch ratio as a user 
input and modifying the solution procedure to en-
hance computational efficiency. The results demon-
strate the expected influence of notch depth on the 
flexural strength. Furthermore, the analysis reveals 
that the model exhibits limited sensitivity to the kink-
point ratio, 𝜓𝜓, suggesting that fracture in notched 
specimens is primarily governed by fracture energy in 
the bilinear CZM formulation and the four-point 
bending configuration.  
 The proposed approach enables rapid simulation, 
providing an opportunity to compare the results with 
experimental data from four-point bending tests for 
further calibration and validation of the model. How-
ever, the model still requires the total fracture energy 
(𝜙𝜙) as an input, necessitating nontrivial experimenta-
tional procedures involving precise monitoring of 
crack mouth opening displacement (CMOD). In the 
future, this demanding testing may be replaced by a 
simplified method to measure the flexural strength, 
provided a reliable correlation between fracture and 
other engineering properties is established. 

6 REFERENCES 

Bažant Z.P. & Li, Z. 1995. Modulus of Rupture: Size Effect due 
to Fracture Initiation in the Boundary Layer. Journal of 
Structural Engineering 121: 739-746. 

Hillerborg, A., Modeer, M. & Peterson, P-E. 1976. Analysis of 
crack formation and crack growth in concrete by means of 
fracture mechanics and finite elements. Cement and Con-
crete Research 6: 773-782. 

Park, K., Paulino, G. H., & Roesler, J. R. (2009). A unified po-
tential-based cohesive model of mixed-mode fracture. Jour-
nal of the Mechanics and Physics of Solids 57(6): 891-908. 

Rice J.R. & Levy, N. 1972. The part-through surface crack in an 
elastic plane. Journal of Applied Mechanics 39(1): 185-194 

Roesler, J., Paulino, G. H., Park, K. & Gaedicke, C. 2007. Con-
crete fracture prediction using bilinear softening. Cement & 
Concrete Composites 29: 300-312. 

Sen, S. & Khazanovich, L. 2021. A self-contained element for 
modeling crack propagation in beams. Engineering Fracture 
Mechanics 242: 107460. 

Tompkins, D., Khazanovich, L. & Bolander, J.E. 2015. Lattice 
modeling of fracture in composite concrete pavements and 
overlays. International Journal of Pavement Engineering 
16(1): 56-68. 

Wittman, F.H. 2005. Modulus of Rupture, Tensile Strength, and 
Fracture Energy – An Application of Non-linear Fracture 
Mechanics. Restoration of Buildings and Monuments 11(3): 
141-150. 

Yin, Y., Qiao, Y. & Hu, S. 2019. Four-point bending tests for 
the fracture properties of concrete. Engineering Fracture 
Mechanics 211: 371-381. 

Zienkiewicz, O., Taylor, R. L. & Taylor R. L. 2000. The finite 
element method: solid mechanics. Butterworth-Heinemann. 



1 INTRODUCTION 
Construction industry increasingly demands innova-
tive materials and technologies to meet the challeng-
es of durability, sustainability, and structural effi-
ciency. Among the recent advancements, reinforced 
concrete structures utilizing internal carbon fiber 
(CF) reinforcements have emerged as a promising 
alternative to traditional building materials due to 
their superior mechanical properties and durability 
under various environmental conditions [1]. Howev-
er, fiber-reinforced polymer (FRP) reinforcements 
faces critical limitations when exposed to elevated 
temperatures, especially during fire incidents. Poly-
mer matrices that impregnate CFRP decomposes se-
verely under heat, significantly reducing their load-
bearing capacity and restricting their service temper-
ature to 80 °C [2]. Additionally, weak chemical 
bonding between polymers and concrete further 
compromises the reliability of FRP systems [3]. 

To address these challenges, mineral-based impreg-
nation materials, such as microcements and geopol-
ymers (GPs), have been proposed as thermally re-
sistant alternatives to polymer matrices. This 
approach has led to the development of mineral-
impregnated carbon fibers (MCFs), which demon-
strate remarkable thermal stability, retaining me-
chanical integrity up to 500 °C, and superior physi-
cal and chemical bonding with concrete matrices 
[4,5]. A more uniform crack distribution with nar-
rower crack widths enhances the durability by min-
imizing the ingress of aggressive agents [6]. Fur-
thermore, geometric flexibility of fresh MCFs 
enables their application in advanced robotic and 
additive manufacturing processes [7]. GPs, as im-
pregnation material, combine properties typical of 
ceramics, polymers, and cements, allowing for rapid 
setting, high early strength, excellent thermal re-
sistance and reduced carbon footprint. These materi-
als are synthesized through an activated polyconden-
sation reaction, often utilizing naturally occurring 
minerals such as metakaolin or industrial byproducts 
like fly ash [8].  
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ABSTRACT: Mineral-impregnated carbon fibers (MCFs) represent an innovative reinforcement system that 
integrates high-performance fibers with inorganic matrices, offering superior thermal resistance, enhanced 
bonding with cementitious substrates, improved cost efficiency, and remarkable versatility and multifunction-
ality for advanced structural applications. As a promising alternative to traditional steel and fiber-reinforced 
polymer (FRP) systems, MCFs address critical limitations in thermal performance and concrete’s compatibil-
ity. A key factor influencing the engineering performance of reinforced concrete structures is the embedment 
length of the MCF reinforcement for reliable structural design. This study investigates the bond behavior of 
geopolymer (GP)-based MCF reinforcements in concrete numerically and experimentally, with a focus on the 
influence of embedment length. Experimental pullout tests revealed a bond stress–slip relationship (BSR) 
characterized by a linear elastic phase, exponential softening during debonding and stabilization at residual 
frictional stress levels. Longer embedment lengths improved energy absorption but resulted in reductions in 
maximum bond stress due to non-uniform stress distribution. Numerical simulations employing a spring ele-
ment model accurately replicated experimental data, providing an efficient predictive tool for analyzing bond 
behavior. These findings establish a solid framework for optimizing the bond performance of MCFs and ad-
vancing their application in high-performance, resilient structural systems. 



A critical factor affecting the structural performance 
of MCF-reinforced systems is the embedment length 
of the reinforcement. Embedment length directly 
impacts pullout behavior, which is a key indicator of 
bond performance and force transfer efficiency. Op-
timizing embedment length ensures the full utiliza-
tion of the tensile capacity of the reinforcement, pre-
venting premature debonding or pullout [9]. The 
bond-slip relationship (BSR), a parameter that cap-
tures the interaction between reinforcement and con-
crete, governs the pullout behavior of MCFs. Unlike 
traditional reinforcements, MCFs exhibit unique 
bonding characteristics due to their improved com-
patibility with the cementitious substrate. Numerical 
and experimental investigation of their BSR pro-
vides valuable insights into the force transmission 
mechanism and helps establish performance-based 
criteria for the reliable design in construction. 

This study is motivated by the need to address these 
gaps and investigate how varying embedment 
lengths affect the pullout behavior of GP-
impregnated MCFs in concrete. Experimental and 
numerical analyses were conducted to evaluate 
bond-slip behavior and develop performance-based 
design criteria for MCF-reinforced systems. Numer-
ical modeling using a spring element approach was 
applied to simulate the constitutive debonding pro-
cess, and the results were validated against experi-
mental data. 

2 MATERIALS AND METHODS 

Materials and experimental tests  
MCFs were produced using commercial carbon yarn 
(SIGRAFIL® C T50–4.4/255-E100, SGL Group, 
Germany) with a metakaolin (MK)-based geopoly-
mer (GP) impregnating suspension via a custom-
designed pultrusion system at the Institute of Con-
struction Materials, TU Dresden. A detailed manu-
facturing process can be found in [10]. GP concrete 
was composed of MK, a potassium silicate activator, 
fine and rough sands. The mix design and mixing 
procedure are described in [6]. Pull-out specimens 
consisted of a testing block (t × 80 × 80 mm³, t = 
10–40 mm), a free length of 120 mm and an anchor-
age block (90 × 80 × 80 mm³). After 28 days of cur-
ing under controlled conditions, pullout tests were 
conducted using a servo-hydraulic machine, with 
displacements recorded at the pullout and pull-in 
sites. 

Numerical Models 

The numerical analysis employed a spring element 
model [11] to simulate MCF pullout behavior in GP 

concrete systems with varying embedment lengths. 
The accuracy and applicability of this model were 
validated by comparing its results with experimental 
data. The bond behavior of MCF reinforcement was 
characterized using the global BSR, which describes 
the average bond stress as a function of the slip. The 
bond stress was assumed to be uniformly distributed 
along the bond length. 

The spring element model was developed based on 
the fib Model Code 2010, which uses an exponential 
representation in the ascending branch and a linear 
decline for the descending branch of the BSR. This 
formulation is well-suited for modeling the bond be-
havior of smooth reinforcement elements. Parame-
ters for the spring element model were calibrated by 
approximating the global BSR derived from experi-
mental observations. However, the assumption of 
uniform bond stress distribution is valid only for 
embedment lengths shorter than five times the rein-
forcement diameter. For longer embedment lengths, 
stress non-uniformity introduces significant differ-
ences between the relative displacements at the 
loaded and free ends of the reinforcement. To ad-
dress this, a local BSR approach was implemented to 
capture the bond stress variation along the embed-
ment length. This approach employed a differential 
equation with closed-form solutions previously es-
tablished in the literature [9]. The geometric config-
uration for the simulations consisted of an MCF re-
inforcement embedded at one end within a concrete 
matrix block, as illustrated in Figure 1. The stiff-
ness of the concrete block was assumed to be signif-
icantly higher than that of the yarn–concrete inter-
face, ensuring its negligible influence. 

 

 

 
 
 
 
 

 

Figure 1: Geometric setup of the numerical model. 

To ensure accurate simulation of the frictional 
pullout phase, a 10 mm length was maintained at 
both the pullout and load-free ends. To enhance 
computational efficiency, the simulations exploited 
symmetry by modeling only a quarter of the struc-
ture. A parametric investigation was also conducted 
to evaluate the mechanical response of yarn pullout 
behavior across various embedment lengths. 



3 DISCUSSION 
Figure 2 illustrates the representative bond shear 
stress–slip curves for MCFs at varying embedment 
lengths. In the initial phase of the BSR, the bond 
shear stress increases linearly with slip, indicating an 
elastic response. As the bond stress approaches its 
maximum value, marking the onset of debonding, 
the curve's slope progressively diminishes to zero. 
Beyond this peak, the BSR curve exhibits a sharp 
decline, reflecting a rapid loss of bond strength, be-
fore stabilizing at a near-constant residual stress lev-
el. This behavior signifies a transition in the primary 
bonding mechanism from adhesive bonding to fric-
tional resistance as debonding progresses. 

 

Figure 2: Experimental mean stress-slip curves for 
various bond lengths (left) and the development of 
bond strength to the reinforcement embedment 
length (right). 

 

The analysis of the variation in bond strength as a 
function of reinforcement embedment length reveals 
a gradual reduction in maximum bond shear stress 
with increasing bond length, attributed to heightened 
non-uniformity in stress distribution along longer 
embedment lengths. This non-uniformity leads to a 
decrease in the average calculated bond stress. These 
findings emphasize the importance of optimizing 
embedment length to balance stress distribution and 
ensure effective force transfer. 

Further numerical analysis using a nonlinear spring 
model reveal BSR curves at the debonding interfaces. 
Unlike the cohesive zone model (CZM), which re-
quires detailed physical parameters, the nonlinear 
spring model directly establishes the local BSR, ne-
cessitating an analytical representation of bond be-
havior. To achieve a more precise depiction of the 
local BSR, the analytical model developed by Dai et 
al. [11] was applied. An additional exponential func-
tion was incorporated into the model to capture in-
teractions between debonded surfaces during the 
frictional sliding phase. The implemented model 
demonstrated good agreement with experimental da-
ta, effectively replicating the experimental BSR 

curves. The proposed model is mathematically de-
fined by the following equation: 

 
 
where  represents the bond shear stress, s denotes 
the slipping distance between surfaces, and a, b, and 
c are parameters governing the exponential modifi-
cation of the curve. 
 
Figure 3 compares the mean bond stress–slip curves 
derived from experimental investigations with those 
obtained from numerical simulations using the pro-
posed spring element model. Across all investigated 
embedment lengths, the numerical results showed 
strong agreement with experimental data, underscor-
ing the high accuracy and predictive capabilities of 
the models. These results highlight the models' abil-
ity to reliably represent failure mechanisms in novel 
MCF systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Numerical results of a) 10 mm, b) 20 mm, 
c) 30 mm and d) 40 mm embedment length for 
MCFs in comparison with experimental results. 

4 CONCLUSIONS  
This study investigated experimentally and numeri-
cally the bond behavior of GP-based MCF rein-
forcement in GP concrete systems with varying em-
bedment lengths. A simple method to define the 
local BSR of MCF-concrete interfaces is proposed, 
which can be derived from only a few parameters of 
the pull-out force-slip curve data. The interfacial 
fracture energy crucially affects the interfacial load 
carrying capacity and the configuration of the BSR. 
The bond stress–slip behavior of MCF is character-
ized by an initial steep ascending stage and a subse-
quent exponential softening behavior due to the de-



lamination from the surrounding concrete matrix. 
Following the sudden drop of the peak stress, the 
BSR curves finally reach an almost stabilization at a 
constant stress level. With the considered embed-
ment lengths, local bond models show better agree-
ment with experimental results than global models. 

Longer embedment length increases the energy ab-
sorption but reduces bond stress and modulus due to 
the nonlinear stress-strain behavior of the reinforce-
ment. Numerical simulations based on both a local 
bond shear-slip law and a physical parameter-
defined cohesive traction-separation law accurately 
replicated the experimental pullout tests, predicting 
position-dependent bond stress distribution. The de-
veloped numerical models simplify the analysis of 
bond behavior and provide a framework for optimiz-
ing material performance, paving the way for ad-
vanced structural applications of carbon concrete 
composites. 
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2.1 
MODELING AND EXPERIMENTAL EVALUATION 

OF MOISTURE DAMAGE IN ASPHALT MIXTURES 



1 INTRODUCTION 

1.1 Hydrated lime and the problem of moisture in 
bituminous materials 

Moisture damage is one of the leading causes of 
degradation of bituminous composites worldwide. 
The more humid the region, the more oppressive the 
climate is causing the bituminous material, often 
pavements, to undergo a deleterious moisture flow 
cycle that in extreme cases visibly ends with the 
evaporation of the moisture upwards from the pave-
ment course itself. Most bituminous pavements suf-
fer from this issue due to a common disparity be-
tween the polarity of the bituminous phase with that 
of the surface of aggregates in the mixture (or fines 
if they have been used as fillers). In most cases, the 
bituminous surface of contact is very apolar whereas 
the surface of contact of the mineral aggregates is 
highly polar. Thus, a high mismatch between the lat-
ter one and the former exists. As a result, the polar 
mineral aggregate surface has a net preference for 
adsorption of water in-between the bitumen surface. 
This preference of the mineral aggregate for water 
adsorption finally ends up in reduction of adherence 
and detachment of the bitumen-mineral aggregate 
binding interface. 

As a classical measure of remediation for the 
moisture problem in bituminous materials, hydrated 
lime has been used for a long time. Much is known 
about the positive effects (Little & Petersen 2005) 
that mixing hydrated lime with bituminous mixtures 
has on keeping the binding interface of bitumen and 
mineral strong and durable. For one or several rea-

sons, hydrated lime has the capability of inhibiting 
bituminous binding species that are prone to forming 
weak adherence with the mineral aggregate surface, 
and thus may easily undergo replacement by mois-
ture. However, the causative mechanisms of this 
ability of hydrated lime have not yet been fully un-
derstood as to assert in a simple way why the inhibi-
tory phenomenon occurs or in some cases the selec-
tive fashion in which it occurs. This is the 
motivation of this research work and its methods of 
molecular analysis, to define: a) how the mecha-
nisms occur and b) understanding the selectivity and 
impact of their occurrence upon the type of species 
in the physical systems of study. 

1.2 Approaches to defining the active role of 
hydrated lime mechanisms in bitumen 

Throughout the years several approaches have been 
attempted to define the effects and possibly the 
mechanisms of action of hydrated lime in bitumi-
nous materials. Within experimental ones, rheologi-
cal (Lesueur & Little 1999) and mechanical charac-
terizations are abundant and as well are analytical 
chemistry techniques that combine concentration 
measurements and spectroscopy (Petersen & 
Plancher 1981, Lesueur et al. 2013). However, mod-
eling approaches have seldom been used due to the 
length scale at which the interaction of hydrated 
lime occurs with the bitumen and the nature of the 
interaction. Recently, the nature of such interaction 
was modeled at the atomistic scale using both classi-
cal dynamics and quantum chemical models (Gra-
jales et. al. 2020). They were able to prove two ma-
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jor facts in defining the nature of the interactions of 
hydrated lime with bitumen: a) the improvement in 
adherence when hydrated lime is present in the sys-
tem is not of a physical nature (via surface group in-
teractions), and b) hydrated lime selectively reacts 
chemically with some bitumen moieties. Especially, 
those in which a hydrolysis of a carboxylic group 
and the formation of a calcium complex can devel-
op. In this study, the authors seek to define further 
ripples caused physically to the hydrated lime-
bitumen material matrix once the reactions have oc-
curred and calcium complexes have formed via clas-
sical molecular dynamics of larger, “already react-
ed” systems. 

2 MOLECULAR MODELING METHODOLOGY 

2.1 Computational overview 
The theoretical basis used for modeling computa-
tions at the molecular level is classical molecular 
mechanics. Calculations of geometry optimization 
and molecular dynamics are presented. Based on re-
sults from these simulations, post-processing calcu-
lations of mean square displacement dynamic analy-
sis are conducted. In this way, it is possible to 
determine the dynamic behavior of selected molecu-
lar species quantifying their level of movement de-
pending on the aggregation states they develop 
across the simulations time spans. All the preparato-
ry cell building steps and simulations are conducted 
using the modeling suite 3DS Biovia Materials Stu-
dio (3DS MS). Specifically, the Forcite module is 
used, which allows conducting classical molecular 
mechanics simulations with customized force fields. 
The force field used for all simulations is the IN-
TERFACE force field (Heinz et al. 2013). The IN-
TERFACE force field is used because of its versatil-
ity to perform calculations with parametrization for 
both inorganic species such as those involving the 
alkaline earth calcium ion and hydrated lime as cal-
cium hydroxide, Ca(OH)2.   

2.2 Einstein’s theory of quantification of the motion 
of molecules via the mean square displacement 
(MSD) 

It is common to observe the quantification of the 
motion of matter in the continuum via diffusion 
laws. This way of treating the motion of matter is 
correct and highly versatile to simulate and predict 
transport on most phenomena in nature. However, 
when trying to describe the uniquity of the motion of 
building units of matter, molecules and atoms, it 
falls short. This occurs because every molecule 
composed of atoms is a discrete entity and has its 
own geometry that is governed by intramolecular 
and intermolecular forces. Such uniquity becomes 
even more preeminent when the size of molecules is 
such that a point without volume or area does not 

represent their unique dynamic behavior as is the 
case of materials composed of macromolecules. 

Bitumen is such a material, composed of mole-
cules of various sizes and macromolecules such as 
the asphaltenes. Consequently, the diffusion of a 
non-reactive phase within asphalt as a dispersant is 
intricate. However, more intricate is the diffusion of 
a reactive phase. Especially, when the phase is small 
enough to migrate to regions or sites prone to react 
in asphaltene macromolecules. When this happens, 
the behavior of a single molecule is partitioned, and 
domains of different physical and chemical behavior 
are formed. Some domains respond with dynamics 
that are dictated by the ongoing reaction whereas 
some other domains remain in motion as they nor-
mally would, with perhaps some indirect effect of 
the reactive region. For this reason, for example, part 
of a molecule may be restrained moving slowly 
whereas the other part moves faster. This example is 
an exact depiction of the scenario when hydrated 
lime is added as a reactive filler in bitumen. Upon 
exposure to hydrated lime, some bitumens react 
chemically. For those with carboxylic heteroatomic 
sites the reaction is swift. Through hydrolysis, a hy-
drogen is stripped away of the -COOH carboxylic 
group and calcium forms a carboxylate complex 
product -Ca(COO)2 and releasing two water mole-
cules (Grajales et al. 2020). To simulate the diffu-
sive effects of such complex scenario, a different 
theory is needed, and such theory is fulfilled with 
Einstein’s doctoral dissertation work on Brownian 
movement (Einstein 1906).  

According to Einstein’s diffusion equation, the 
motion of a point-like discrete particle can be quan-
tified as the average accumulated sum of its squared 
displacement over a time span of interest. Einstein 
applied this concept to the movement of molecules, 
where the point-like particle is each atom composing 
the molecule. Thus, he formulated the parameter 
now commonly denominated as the mean squared 
displacement (MSD) in angstrom squared units (Å2), 
which defines the self-diffusion coefficient of a mol-
ecule or set of molecules (D) as the limit when a 
time differential tends to infinity of the averaged 
squared displacement, MSD, with respect to a delta 
time step (Equation 1). 
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where D is the self-diffusion coefficient of a 
chemical species, ∆t is the time step of motion rec-
orded in a molecular dynamics simulation, and the 
1/6 quotient corresponds to the degrees of freedom 
that can occur in atomic motion over a given three-
dimensional space. 

With this approach to diffusion, it is conspicuous 
that the various levels of motion of diverse portions 
of a single macromolecule or set of molecules can be 
accounted for depending on their state of restraint or 



freedom of motion. Therefore, accounting for the 
uniquity of phenomena such as that when hydrated 
lime reacts with specific portions of bituminous 
moieties. 

2.3 Models of the bitumen-hydrated lime system 
constituent species 

The models chosen for this study represent the ali-
phatic phases present in bitumen. Specifically, n-
docosane linear chains with a carboxylic end were 
modeled. The purpose of choosing these moieties is 
bifold: on one hand these are the most mobile moie-
ties in bitumen if considering the bitumen as a mix-
ture of phases such as it is conceived by the SARA 
fraction scheme (Saturates, Aromatics, Resins, As-
phaltenes) so a pronounced change in their level of 
motion is expected, and secondly, these are the 
weakest portion of most bituminous phases so  
strengthening due to restraining and agglomeration  
would be more significative in these aliphatic chains 
(Figure 1).  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Docosane chain with carboxylic head (docosanoic ac-
id) used as molecular model of the aliphatic phase in bitumen 
(oxygen atoms represented in red, hydrogen atoms in white and 
carbon atoms in grey). 
 
With respect to the hydrated lime phase, already dis-
sociated calcium ions were introduced to form a “re-
acted” complex (Figure 2). After every species was 
relaxed via geometry optimization, supercells were 
built using the Amorphous Cell module that is part 
of the 3DS MS suite system. The packed supercells 
were then relaxed via geometry optimization to low-
er the internal configuration energy as a preparative 
step.  
 

 
 
 
 
 
 
 
 
 

 
Figure 2. Docosane chain with calcium complexed head (calci-
um carboxylate complex) used as molecular model of the hy-
drated lime reacted aliphatic phase in bitumen (calcium ion 
represented in green, other atom colors same as Figure 1). 

Finally, the relaxed supercell systems were used as 
input for the classical molecular dynamics simula-
tion through which the agglomeration effects were 
monitored over the modeled dynamics trajectory 
length. 

3 RESULTS 

3.1 Overview of molecular dynamics trajectories 
Molecular dynamics simulations were conducted on 
supercell systems built for the unreacted and reacted 
hydrated lime filled system. After relaxation of the 
supercells, a first trajectory was conducted using the 
NPT ensemble (constant number of molecules, con-
stant pressure, constant temperature) for a time span 
of 25 ps. The system was set to stabilize to standard 
conditions (1 atm of pressure and 298.15 K tempera-
ture). The Berensden barostat was used to reach 
equilibrium without distorting the cell shape. A den-
sity of 0.9 g/cm3 was obtained, which is representa-
tive of that of bitumen. Temperature was monitored 
with a Nose thermostat. After, NPT equilibration, 
NVT (constant number of molecules, constant vol-
ume, constant temperature) trajectories were set up 
to monitor the agglomeration states of the different 
systems (unreacted and calcium-reacted) for 50 ps. 
Figures 3 and 4 illustrate the final states of the unre-
acted and calcium-reacted bitumen systems. The 
figures do not show the carbon atom chains for 
comparison of the differences in agglomeration 
states caused when calcium complexes from hydrat-
ed lime filling form. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Unreacted docosanoic acid supercell system after 
NVT molecular dynamics simulation. Supercell illustrates car-
boxylic heads with a magenta highlight. 
 



3.2 Mean square displacement (MSD) analysis 
The MSD dynamic analysis methodology was con-
ducted on both unreacted and calcium-reacted filled 
bitumen aliphatic systems. The 50 ps NVT MD tra-
jectories were analyzed. The resulting MSD curves 
were plotted, and self-diffusion coefficients were 
calculated. A significant difference (of nearly two 
orders of magnitude) was found between the self-
diffusion coefficients of the unreacted (DCOOH = 
2.11×10-2 Å2/ps) and calcium-reacted (DCa = 
5.62×10-3 Å2/ps) systems. Figure 5 illustrates the 
MSD curves obtained along with the fit for the self-
diffusion coefficients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Reacted hydrated lime-filled supercell system after 
NVT molecular dynamics simulation. Agglomeration of calci-
um carboxylate complexes is visually significant compared to 
the docosanoic acid unreacted system (Figure 3). Calcium ions 
shown in green, and carboxylate ligands with a magenta high-
light. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. MSD curves for the unreacted docosanoic acid sys-
tem and the reacted hydrated lime-filled system composed of 
calcium carboxylate complexes. 

4 CONCLUSIONS 

This research study proves that the addition of hy-
drated lime to the aliphatic phase of a carboxylic ac-
id rich bitumen has a profound impact on the dy-
namics of the functional groups composing the 
bituminous matrix. More specifically, the results 
show that a larger physical effect occurs when calci-
um ions from hydrated lime populate the system af-
ter the reaction occurs because large clusters of cal-
cium carboxylate complexes form in contrast with 
the unreacted docosanoic acid bituminous system, 
which shows to be significantly more dispersed and 
mobile. The nearly two-order of magnitude differ-
ence found in the self-diffusion coefficient of the 
systems is a numerical proof of a reduction in mo-
lecular mobility, which supports the experimental 
evidence in the literature of a stiffening or hardening 
effect due to the calcium inclusions formed upon the 
addition of hydrated lime. 
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1 INTRODUCTION 

Moisture damage in asphalt mixtures is characterized 
by the progressive degradation of its mechanical 
properties due to the presence of water. This degrada-
tion phenomenon results from loss of adhesion at the 
asphalt-aggregate interface and a change in the cohe-
sive properties of the asphalt binder (Kiggundu & 
Roberts, 1988). Addressing moisture damage is cru-
cial to developing durable and sustainable pavements. 

Despite extensive research, the mechanisms be-
hind moisture damage are not fully understood. Sev-
eral theories, including boundary layer, mechanical, 
electrostatic, chemical and thermodynamic theories, 
have been proposed to explain these mechanisms 
(Hefer &Little, 2005; Kiggundu & Roberts, 1988; 
Rice, 1959; Tarrer & Wagh, 1991; Bagampade et al., 
2004). However, there is no comprehensive theory 
that fully explains the processes involved, so the 
causal mechanisms remain somewhat speculative 
(Bagampade et al., 2004).  

There is consensus that the chemical composition 
and mineralogy of aggregates significantly influence 
the quality of adhesion between binder and aggregate 
under moisture conditions (Bagampadde et al., 2006; 
Cala & Caro, 2021; Hefer & Little, 2005; Rice, 1959). 
Studies have found strong correlations between sili-
con dioxide (SiO₂) content in the aggregates and the 
susceptibility to moisture damage, while ferric oxide 
(Fe₂O₃) and calcium oxide (CaO) promote more 
moisture-resistant adhesive bonds between aggregate 
and asphalt (Cala et al., 2019, 2021). 

While significant progress has been made in un-
derstanding the moisture degradation of the adhesion 
between binder and aggregates, less attention has 
been paid to how moisture affects the cohesive prop-
erties of asphalt binders, mastics or mortars. Recog-
nizing that pavement durability depends on both ad-
hesion and cohesion conditions—and that moisture 
affects both equally (Hicks et al., 2003)—it becomes 
essential to explore both aspects simultaneously. 

This study aims to improve understanding of mois-
ture damage by examining the effect of water on the 
mechanical response of asphalt binders and mortars, 
focusing specifically on the role of aggregate miner-
alogy in mortar samples. This work complements pre-
vious efforts that have explored the change in the co-
hesive properties of mastics with different aggregates 
subjected to moisture conditions (Leon & Caro, 
2023). 

Mortar samples were prepared using a 60-70 (1/10 
mm) penetration asphalt binder and fine aggregates 
with three different mineralogical compositions. The 
asphalt binder and mortar samples were subjected to 
four moisture conditioning processes: dry condition 
(environmental conditions) and immersion in water 
for 10, 60, and 160 days. The linear viscoelastic prop-
erties of the materials were quantified using dynamic 
shear rheometer (DSR) tests, and Fourier transform 
infrared spectroscopy (FTIR) was performed on the 
binder samples to track the chemical changes induced 
by water exposure. 

By studying the changes caused by water in the 
properties of asphalt binder and mortar separately, it 
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becomes possible to distinctly analyse the effect of wa-
ter on pure asphalt and the combined effect on the as-
phalt-aggregate system within the mortar. This ap-
proach provides a comprehensive understanding of 
moisture-induced degradation affecting both binder 

cohesion and binder-aggregate adhesion, addressing 
the lack of detailed information on how moisture af-
fects these critical components. 

2 MATERIALS AND METHODS 

An asphalt binder with a penetration grade of 60–70 
(mm/10) was selected along with three aggregates 
with different chemical compositions: serpentinite 
(SPT), quartzite (QTZ), and granodiorite (GRT). 

The use of a single asphalt binder allows for the 
isolation of the effect of aggregate chemistry. The se-
lected aggregates cover a different lithological spec-
trum, ranging from a mafic rock (SPT) to a felsic rock 
(QTZ), and including an intermediate rock (GRT). 
Aggregates had low porosity and similar specific 
gravities to ensure comparable physical properties for 
fair comparisons in the mortar designs. Specific grav-
ity tests performed following the ASTM D854-10 re-
sulted in values of 2.73, 2.75, and 2.74 for SPT, QTZ, 
and GRT, respectively. Additionally, X-ray fluores-
cence (XRF) testing was conducted in accordance 
with ISO 12677-2011 to determine the chemical com-
positions of the rocks. The results are presented in Ta-
ble 1, showing the percentage by weight of the main 
oxides present in each aggregate. 

 
Table 1. Chemical composition of the aggregates studied (% by 
weight total). 
 Aggregate 
  QTZ GRT SPT 
Oxide  % Weight total 
SiO2  98.18 65.75 40.21 
Al2O3  1.09 15.26 7.81 
Fe2O3  0.09 4.09 10.24 
MgO  0.01 2.45 23.45 
CaO  0.06 3.77 6.35 
TiO2  0.07 2.68 0.42 
P2O5  0.01 0.14 0.04 
SO3  0.00 0.01 0.23 
Volatiles lost after igniting  0.46 1.63 9.29 
Other basic oxides 0.07 4.14 1.96 

 
By selecting aggregates with distinct chemical and 

mineralogical properties but similar physical charac-
teristics, the study aims to evaluate the influence of 
aggregate chemistry on the moisture-induced me-
chanical response in asphalt mortars. 

2.1 Design and fabrication of mortar samples 

A representative mortar of the fine fraction of a 
dense-graded hot dense asphalt mix with maximum 
nominal aggregate size of 19 mm was designed and 
prepared. The mortar includes the binder and the 

material passing through the #16 sieve (1.18 mm). 
The asphalt binder content of the mortars was 9.75% 
and they were fabricated at a target air void content of 
10%. 

The maximum theoretical specific gravity (Gmm) 
of each type of mortar, computed according to the 
AASHTO T 209–12 standard, was 2.38 for SPT, 2.41 
for QTZ, and 2.43 for GRT.  

Cylindrical specimens measuring 50 mm in height 
and 13 mm in diameter were fabricated individually 
using a metallic mould. The asphalt, aggregates, and 
steel mould were preheated and mixed at 160 °C. The 
material was then subjected to short-term aging for 
two hours to simulate the natural aging during the 
production and placement of asphalt mixtures. 

The loose mortar was then poured into the pre-
heated mould and compacted in a press at a pressure 
of 0.80 MPa for 45 minutes to achieve the desired 
density and void content, using the procedure pro-
posed by Caro et al. (2011). This method was cali-
brated to ensure a final air void content between 9.7% 
and 10.3%. Finally, metal holders were placed at the 
ends of specimens to facilitate their installation in the 
rheometer. 

2.2 Moisture conditioning 

Binder and mortar samples were submerged in dis-
tilled water at room temperature, avoiding the incor-
poration of high temperatures or pressures since they 
could act as catalysts for more complex chemical re-
actions that would hinder the isolated effect of water 
in the materials. The selected conditioning times were 
0, 10, 60 and 160 days.  

2.3 Fourier Transform Infrared Spectroscopy 
characterization of the asphalt binder 

To determine the changes in the chemical composi-
tion of the asphalt binder samples, FTIR testing using 
a Total Attenuated Reflectance Cell (FTIR-TARA) 
was performed at each conditioning period. 

2.4 Frequency and temperature sweep tests 

Four replicates were tested at each conditioning pe-
riod (i.e. 0, 10, 60, and 160 days in water) to deter-
mine the linear viscoelastic properties of asphalt and 
mortars. The oscillatory tests consisted of frequency 
and temperature sweep procedures under a controlled 
percentage angular strain of 0.01 for the asphalt 
binder and 0.00075 for the mortar. These strain values 
were selected after verifying that the materials were 
in the linear viscoelastic range based on the results of 
oscillatory shear deformation sweep test. 

The tests were performed in a temperature range 
between 25°C and 65°C with steps of 10°C and fre-
quencies between 1 and 30Hz with steps of 1 Hz us-
ing an TA AR2000ex rheometer with 8 mm parallel 



plate geometry for the asphalt and with a solid geom-
etry for the mortar specimens. 

3 RESULTS AND DISCUSSION 

3.1 Linear viscoelastic and chemical changes of the 
asphalt binder with water conditioning time 

The master curves of the average dynamic shear mod-
ulus (|G*|) of the asphalt binder at a reference temper-
ature of 25°C in the different water conditioning pe-
riods are presented in Figure 1.  

Figure 1. Master curves of |G*| of the asphalt binder at 25°C 

The results show a significant increase in stiffness 
with increasing conditioning time. Specifically, com-
pared to the unconditioned samples, the average mod-
ulus increased by 16.7% after 10 days, 39.8% after 60 
days, and reached 69.1% after 160 days of water im-
mersion. Statistical testing at a significance level of 
0.05 to evaluate the effect of conditioning time on the 
dynamic modulus confirmed that these changes were 
significant, particularly for the conditioning periods 
of 60 and 160 days (p-value < 0.01 and p-
vale < 0.001, respectively). 

Chemical analysis using the FTIR-TARA results 
revealed significant changes in the functional groups 
of the asphalt binder after conditioning in water for 0, 
10, 60, and 160 days, as observed in Figure 2. 

 Figure 2. Functional group indices of the conditioned asphalt 

Data show a progressive increase in the total car-
bonyls (aldehydes, ketones, carboxylic acids, and es-
ters) and sulfoxides groups, with growth rates of 
0.241% and 0.776% per day, respectively. Total car-
bonyls exhibited the highest correlation with the dy-
namic shear modulus (r=0.94), followed by amides 
(r=0.81) and sulfoxides (r=0.64), indicating that oxi-
dation and the formation of polar compounds are the 
primary factors responsible for the observed harden-
ing. 

3.2 Linear viscoelastic changes of the asphalt 
mortars  

Figure 3 illustrates the evolution of the mean modulus 
values (|G*|) for the three mortars (QTZ, SPT, and 
GRT) subjected to water conditioning. The error bars 
represent the 95% confidence interval of the mean  

 
Figure 3. Variation of the dynamic shear modulus (∣G*∣) as a 
function of conditioning time in QTZ, SPT and, GRT mortars 
 

For the mortar with QTZ, |G*| increased consist-
ently with water conditioning. After 10 days, there 
was an increase of 34.9%, followed by further in-
creases of 22.7% and 26.4% at 60 and 160 days, re-
spectively. This stiffening progress may be mainly 
due to the oxidative aging of the asphalt binder. 

In the mortar with GRT, |G*| had an initial increase 
of 8.7% during the initial 10 days. The stiffening be-
came more pronounced after 60 days, reaching an in-
crease of 40.4% compared to the initial value. How-
ever, a reduction of 14.5% was reported between the 
160 and the 60 days exposure period, although |G*| 
remained higher than in the dry state. This suggests 
that while short-term water exposure stiffened the 
GRT mortar due to asphalt oxidation, prolonged im-
mersion could start degrading the adhesive properties 
between the binder and the aggregates. 

In the case of the mortar with SPT, |G*| increased 
by 17.1% after 10 conditioning days. However, a sig-
nificant reduction of 40.9% was observed at 60 days. 
At 160 days, there was a slight recovery of 2.2%, but 
the value remained below the unconditioned modu-
lus. Similar to the GRT mortar, prolonged water 
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immersion negatively impacts the mechanical integ-
rity of the material, likely due to adhesive degrada-
tion.  

The effect of water conditioning was statistically 
significant (p-value<0.001) in all cases, indicating 
that immersion time substantially influences the me-
chanical properties of the mortars. Similarly, the ag-
gregate type exhibited a highly significant effect (p-
value<0.001), confirming that the mineralogical com-
position of the aggregate impacts the properties of the 
mortar. The significant interaction between condi-
tioning time and aggregate type (p-value<0.001) sug-
gests that the impact of water conditioning varies with 
the type of rock. 

3.1. Additional considerations on QTZ mortars 

It is noteworthy that the QTZ mortars, despite being 
associated with aggregates that typically show higher 
moisture susceptibility due to weaker asphalt-aggre-
gate adhesion (Cala et al., 2021), did not display signs 
of adhesive damage within the studied conditioning 
periods. This result contrasts with expectations and 
previous findings on more basic and intermediate 
rock types.  

Several factors may contribute to this apparent 
contradiction. For instance, differences in the filler 
particle size distribution (passing sieve # 200) were 
not fully controlled in this study and could have led 
to a denser internal structure in the QTZ mortars, 
slowing down water infiltration and delaying the on-
set of adhesion loss. Additionally, the high silica con-
tent in quartzite may foster stronger initial interac-
tions with the increasingly polar asphalt species 
formed during oxidation, temporarily reinforcing the 
asphalt-aggregate bonds. While these hypotheses pro-
vide plausible explanations, further research—incor-
porating more controlled filler gradations, advanced 
pore structure characterizations, and detailed chemi-
cal analyses of the asphalt-aggregate interface—is 
needed to fully understand the interplay of micro-
structural and chemical factors delaying moisture-in-
duced damage in QTZ mortars. 

4 CONCLUSIONS AND RECOMMENDATIONS 

This study evaluated the effect of water conditioning 
on the rheological properties of one control asphalt 
binder and asphalt mortars fabricated with three dif-
ferent aggregates. The materials were subjected to 
four moisture conditioning periods of 0, 10, 60 and 
160 days of water immersion. The main findings of 
this study are: 

The asphalt binder exhibited a continuous increase 
in |G*| with conditioning time. FTIR results con-
firmed the progression of oxidation with an increase 
in the total carbonyl and sulfoxide groups. 

Significant differences were observed on the im-
pact of water conditioning on the viscoelastic proper-
ties of the mortars. Such differences were a function 
of the aggregate type and conditioning period. While 
the QTZ mortar showed a consistent increase in |G*| 
with conditioning time, the other two mortars showed 
a reduction in stiffness after a specific conditioning –
in the 60-160 days period for GRT and in the 10-60 
days period for SPT–. This reduction in modulus is 
attributed to the initiation of moisture degradation of 
the aggregate-binder interfaces.  

Since it has been proven that the felsic nature of 
QTZ produce highly moisture susceptible aggregate-
binder adhesion binds, it is anticipated that when ad-
hesion degradation initiates in the QTZ mortars, the 
rheological properties will drop at a faster rate than in 
in the other two mortars. Additional conditioning 
times would be required to confirm this hypothesis. 

In conclusion, these findings highlight the critical 
role of both aggregate type and water conditioning in 
determining the mechanical response of asphalt ma-
terials. They also show the need for a better under-
standing of the coupling mechanical-climate effects 
on these materials to assess the durability of asphalt 
pavements. 
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1 INTRODUCTION  
Rejuvenators are products obtained from different 
sources (i.e., petroleum based, vegetable oils and tall 
oils) used to revert the ageing effect of the asphalt 
binder present in Reclaimed Asphalt Pavement 
(RAP) materials. They are generally added in hot mix 
asphalt (HMA) containing high RAP content (i.e., 
over 40% by total weight) to control and prevent fa-
tigue and cracking due to the presence of the oxidized 
RAP binder. Their use in high RAP content mixtures 
is associated with enhanced workability due to a re-
duced stiffness and with additional binder availability 
to satisfy mix volumetrics and better virgin aggre-
gates coating (Epps Martin et. al, 2020).  

In general, the literature shows that all types of re-
juvenators can produce recycled mixtures with simi-
lar properties as their virgin counterpart at the initial 
service life of these materials as part of the pavement 
structure (e.g. Sánchez et al 2022, Rathore et al. 
2021). However, there is still lack of information on 
how climate-related factors impact the mechanical 
performance and durability of the rejuvenated mix-
tures over time.  

On the other hand, it is well recognized that the 
presence of moisture within asphalt mixtures leads to 
a reduction in their mechanical properties, triggering 
several failure mechanisms in flexible pavements 
such as ravelling, potholes and cracking (Elseifi et al, 
2012). This phenomenon deteriorates the adhesive 
bonds between the aggregates-asphalt systems, and 
the cohesive bonds between the mortar contacts (Caro 
et al. 2008). Besides, water infiltration through the 

cracks may subsequently cause weakening of the base 
and/or subgrade. Rehabilitation of pavement damage 
caused by cracking and moisture damage is costly. 
Therefore, to avoid premature failure of asphalt mix-
tures, particularly when new materials are incorpo-
rated (i.e. rejuvenator and RAP material), it is neces-
sary to understand their durability properties in the 
laboratory prior to installation in field.  

This work explores the deterioration potential of 
moisture damage on the fracture behaviour of fine as-
phalt mixtures (FAM) or asphalt mortar (i.e., mix of 
asphalt binder and aggregates smaller than 1.18 mm) 
with high RAP content and two different vegetable-
based rejuvenators. The study of FAM has become 
popular in the last two decades, as it is considered that 
several degradation mechanisms in asphalt mixtures 
initiate and propagate within this ‘meso’ phase (Mon-
tepara et al. 2011).  

To accomplish this goal, semi-circular bending 
(SCB) tests were conducted for mortar specimens 
with and without water immersion. Several fracture 
parameters were obtained and two of them were se-
lected and analysed to provide insights into the frac-
ture performance and moisture susceptibility of the 
asphalt mixtures. It is noteworthy that although the 
SCB test has been widely used to study HMA mate-
rials, no work has been reported to date on their use 
to evaluate the performance of asphalt mortars with 
high-RAP content and rejuvenators.  
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ABSTRACT: Rejuvenators are used to enhance the properties of hot asphalt mixtures with high Reclaimed 
Asphalt Pavement (RAP) content (>40%). While it is well recognized that these materials restore the mechan-
ical performance of the RAP for another life-service period, the impact of climate-related factors in their me-
chanical performance and durability over time is still not fully understood. This study assesses the moisture 
susceptibility and fracture behaviour of various Fine Aggregate Matrix (FAM) materials containing 30% FAM-
RAP and two palm oil rejuvenators (crude palm oil and soft stearin) by means of the Semi-Circular Bending 
(SCB) under dry and wet conditions. The results suggest that the palm oil rejuvenators at the selected doses 
preserved the structural integrity of the material after moisture conditioning in comparison to the FAM samples 
fabricated with virgin binder and with virgin+RAP binder. 



2 MATERIALS  

2.1 Virgin binder and rejuvenation agents  
A virgin bitumen with a penetration of 62 dmm at 
25oC and a softening point of 48oC was used as the 
base binder. This binder was also used to artificially 
produce the ‘RAP binder’ by subjecting it to the Roll-
ing Thin Film Oven (RTFO) test (ASTM D2872), fol-
lowed by the Pressure Aging Vessel (PAV) (ASTM 
D6521). 

Two rejuvenation agents were selected for this 
study: (i) Crude palm oil and (ii) Soft stearin. The 
crude palm oil is the first product extracted from the 
fruit of the African oil palm. It has a semi-solid con-
sistency at room conditions (Figure 1a), and it reaches 
a liquid consistency at 37oC (Figure 1a). The soft 
stearin is a by-product of the crude palm oil obtained 
after various fractioning, thermodynamic and refinery 
processes. It also has a semi-solid consistency at room 
conditions (Figure 1b) and reaches a liquid con-
sistency at 38oC (Figure 1b). 

 
 
 
 
 
 

 
 
 

 
Figure 1. Rejuvenators at room conditions and at their melting 
point: (a) Crude palm oil, and (b) Soft stearin.  

2.2 FAM materials 
The FAM material corresponds to the asphalt matrix 
of a 0/25mm size dense graded base course contain-
ing 4.5% (by weight) of bitumen (Figure 2). They 
have approximately 9.7% of bitumen by total weight.  
 Four FAM mixtures were produced: i) a virgin 
FAM mixture (i.e., virgin binder), ii) a FAM mixture 
with 70% of virgin FAM and 30% of lab produced 
FAM-RAP, herein called base FAM, iii) a FAM mix-
ture with 70% of virgin FAM and 30% of FAM-RAP 
and 3% of crude palm oil, and iv) FAM mixture with 
70% of virgin FAM and 30% of FAM-RAP and 2.3% 
of the soft stearin.  

The doses of each rejuvenator used in this study 
were those determined by Sánchez et al. (2023), 
which correspond to the amounts required to simulta-
neously restore the High temperature Superpave Per-
formance Grade (PGH) of the virgin binder after ver-
ifying the Fatigue Low temperature Superpave 
Performance Grade (PGFL). 

The FAM-RAP was produced in the laboratory by 
subjecting a loose mixture of virgin FAM material to 
the oven at 95oC for 5-days. The percentages of virgin 
and ‘RAP’ FAM materials were determined in a pre-
vious study (Sánchez et al. 2023).  

 
 
 
 
 
 
 

 
 
 
 
 
       Figure 2. Gradation of the full mixture and the FAM. 

3 EXPERIMENTAL SETUP AND SAMPLE 
PREPARATION   

Cylindrical specimens of 80 mm in height and 150 
mm in diameter were compacted for each FAM mix-
ture using the Superpave gyratory compactor, at a tar-
get AV of 10±1%. Slices of 50 mm in height were cut 
from the middle of the cylinder, which were then cut 
symmetrically into two semi-circular specimens with 
a notch in its planar side of 15 mm height and 2 mm 
width.  

A total of 6 cylindrical specimens were manufac-
tured for each of the materials. Three specimens for 
each type of mixture were retained for testing under 
dry conditions and three specimens for each mixture 
were subjected to a moisture protocol. The moisture 
conditioning protocol consisted of submerging the 
cylindrical specimens to a water bath prior to the test 
for 24h at 60°C, and for one additional hour at 25°C. 
The dry specimens were conditioned in a temperature 
chamber for 24h at 25°C, based on the Tensile 
Strength Ratio test (AASHTO T283).  

These specimens were used to conduct Semi-cir-
cular bending (SCB) testing. The test was conducted 
at a loading rate of 50 mm/min and a temperature of 
25◦C. A load cell and a linear variable differential 
transducer (LVDT) were used to measure the applied 
load and displacement at the top centre of the sample 
(Figure 3). Different parameters are obtained from 
this curve, as observed in Figure 4. Among those, the 
following were selected for this study: 

• Maximum force (Pmax), which corresponds to 
the maximum force in the load-displacement 
curve, and provides information about the 
strength of the material.   

• Cracking index (CRI), which is computed as 
the fracture energy divided by the peak load 
(Kaseer et al. 2018), and quantifies the energy 
required to crack the material relative to its 
strength. 

The following sections present the results and 
corresponding analyses. 
 

(b) Soft stearin (a) Crude palm oil  



 
 

 
 

 
 

 
 
 

 
 

Figure 3. FAM materials SCB test set up. 
  

 
 
 
 
 
 
 
 
 
 

Figure 4. Load Line Displacement (LLD) curve. 

4 RESULTS  
 
This section presents the resulting SCB testing pa-
rameters for the FAM materials with rejuvenators.  

4.1 Fracture parameters  
Figure 5 presents the load versus displacement curves 
for all the replicates tested for the FAM mixtures un-
der dry and wet conditions. A marked difference can 
be noted within the SCB test results for the FAM ma-
terials under both conditions. For instance, under dry 
conditions, Figure 5a shows that the curves for all 
FAM mixtures with RAP FAM appear to be similar 
with the base FAM material (i.e. without palm oil re-
juvenators) presenting marginally the highest peak 
load, reflecting the high stiffness of the aged binder. 
After moisture conditioning (Figure 5b) the virgin 
FAM and the base FAM mixtures reach their maxi-
mum loads at lower values and higher displacements 
compared to their dry counterparts. Moreover, the 
curves for the FAM materials with palm oil rejuvena-
tors reach marginally higher peak loads and higher 
displacements as compared to their dry counterparts.  

4.1 Maximum force (Pmax) 
Figure 6 shows the values of Pmax for all FAM mix-
tures under dry and wet conditions. This figure also 
shows the percentage change in Pmax in the dry condi-
tion compared to the wet condition. Under dry condi-
tions, this figure shows that the base FAM material –
without palm oil rejuvenators– exhibits the highest 
Pmax, as expected, due to the presence of the aged 

binder. After the FAM materials are subjected to 
moisture, the magnitude of Pmax for the base and the 
virgin FAM decreased by 21 and 25%, respectively, 
suggesting that their internal structural integrity is se-
verely affected by moisture. The FAM containing 
palm oil rejuvenators, on the contrary, exhibited a 
slight increase in the Pmax (7% and 4% for the FAM 
with palm oil and soft stearin, respectively). These re-
sults suggest that the presence of rejuvenators en-
hance the preservation of the strength of the material 
due to moisture, in comparison to the virgin or control 
FAM.  

Figure 5. Load-displacement curves for FAM materials with 
rejuvenators a) under dry condition and b) after moisture con-
ditioning. 

Figure 6. Pmax for FAM materials with rejuvenators. 
 

4.2 Fracture index (CRI) 
Figure 7 shows the CRI index for the FAM materials 
under dry and wet conditions. This figure also shows 
the percentage change in this property in the dry con-
dition compared to the wet condition. Recalling, a 
material with higher CRI values is considered more 
resistant to fracture. Figure 7 shows that under dry 
conditions, all the FAM materials exhibit marginally 



the same CRI values. Since there are observed differ-
ences in the maximum load (Pmax) among the FAM 
materials (Figure 6) in this condition, it seems that 
this fracture parameter is unsensitive to the differ-
ences in the resulting effective binder of the different 
FAM mixtures produced. 

Nevertheless, the CRI values for all FAM mixtures 
increased by 30% to 65% in the wet condition with 
respect to the dry condition. This may be attributed to 
an increase in flexibility induced by moisture (i.e. re-
duction in stiffness), which results in an overall in-
crease in the fracture resistance of the materials. 
However, this result needs to be critically assessed, 
because such increase in CRI is believed to be due to 
moisture degradation (i.e. strong impact in the maxi-
mum load and in the stiffness of the material, as ob-
served in Figures 5 and 6), which could cause other 
type of durability issues. Among all FAM materials, 
the virgin FAM had the highest increased in CRI. 
When rejuvenators are incorporated, the FAM mate-
rials exhibit lower CRI values with respect to those of 
the virgin FAM and closer to those of the base FAM. 
These results suggest that even though the incorpora-
tion of the palm oil rejuvenation agents does not have 
an impact in the CRI under moisture conditions when 
compared to the base FAM, their internal damage in-
duced by moisture is less severe than in the virgin 
FAM sample. 
 

Figure 7. CRI for FAM with rejuvenators.   
 
5 CONCLUSIONS 

SCB tests were conducted on FAM samples rejuve-
nated with two different palm oil-based agents. A 
control virgin FAM (no RAP FAM material) and a 
base FAM (with RAP FAM with no rejuvenators) 
were tested for comparison. The following are the 
main conclusions obtained: 
 
• Although differences in maximum force were ob-

served among the FAM materials under dry con-
dition, with the base FAM presenting the highest 
values, they had similar CRI values, suggesting 
that the latter parameter hinders the presence of 
RAP-FAM and rejuvenators. 

• All FAM materials exhibited changes in Pmax and 
an overall increase in CRI after moisture 

conditioning, but this effect was more pronounced 
in the virgin FAM. This is attributed to the effect 
of water, which appears to enhance the material's 
flexibility, leading to a more prolonged failure. 
Such an increase in fracture properties under wet 
conditions, however, is believed to be caused by 
the degradation of the structural integrity of the 
material by moisture, which rises other durability 
concerns. In this sense, although the rejuvenators 
had smaller CRI values than the virgin mixture in 
wet state, they seem to preserve the structural in-
tegrity of the material to moisture effects. 

These results highlight that an appropriate selection 
of a rejuvenator should consider not only the im-
provement of the mechanical and performance related 
properties in the initial stage of the pavement opera-
tion, but also its capability to maintain these positive 
effects under the effects of moisture. 
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1 INTRODUCTION 

Moisture damage in asphalt mixtures is defined as the 
degradation of the material's mechanical properties 
due to changes in the cohesive properties of the as-
phalt binder or the loss of adhesion at the asphalt-ag-
gregate interface, due to the presence of moisture in 
liquid, vapor or solid state (Caro et al., 2008). This 
phenomenon has a significant impact on the durabil-
ity of asphalt pavements and represents a considera-
ble financial problem. For instance, moisture-related 
deterioration in 2005 was associated with an increase 
in transportation costs exceeding $54 billion annually 
in the United States (Copeland, 2005). 

According to the NCHRP Synthesis 595 (Shah et 
al. 2022), one-third of state departments of transpor-
tation (DOTs) require the use of anti-stripping addi-
tives in all asphalt mixtures, while another third man-
date their use in mixtures that fail to meet minimum 
performance requirements. However, ensuring the 
durability of asphalt mixtures remains an increasingly 
complex challenge due to the incorporation of differ-
ent additives and components, such as Reclaimed As-
phalt Pavement (RAP) and rejuvenation agents.  

The use of rejuvenators has been proposed as a so-
lution to ensure the performance of mixtures with 
high RAP contents, as they make their rheological 
and performance properties to be comparable to those 
of mixtures manufactured with virgin asphalt (Gulzar 
et al., 2023). However, research efforts in this area 

have primarily focused on analysing mechanical, 
chemical and performance-related properties, while 
the durability of these mixtures with rejuvenators re-
mains unexplored.  

The objective of this study is to assess the impact 
of two palm oil-based rejuvenators (i.e., crude palm 
oil and soft stearin) on the adhesion durability of as-
phalt-aggregate adhesive systems in mixtures with 
high RAP content. Previous works have demonstrated 
the effectiveness of these agents to recover several 
mechanical and performance-related properties of 
these mixtures (Sánchez et al., 2022, 2023). Direct 
tensile tests using the adhesion pull-off method pro-
posed by Cala et al. (2019, 2021) were used to attain 
the goals of this work. From these tests, the maximum 
load at failure (Fmax), the adhesive failure area on the 
surface of the rock after the test (A%), and some moi-
sture damage parameters for Fmax (MDPFmax), and A% 
(MDPA%) were computed, using combinations of one 
type of rock and virgin asphalt binder, a blend of vir-
gin asphalt and 30% lab produced aged binder, and 
two rejuvenated binder blends. 

2 MATERIALS 

2.1 Aggregate 
Adhesion quality has been observed to depend pri-
marily on the type of aggregate and its chemical com-
position (Caro et al., 2008; Cala et al., 2019; Cala & 
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ABSTRACT: Moisture damage in asphalt mixtures impacts the durability of asphalt pavements, leading to 
increased transportation costs and reduced service life. While anti-stripping additives are commonly used to 
mitigate this phenomenon, ensuring durability remains a challenge, particularly in mixtures that include new 
components, such as reclaimed asphalt pavement (RAP). Although rejuvenators have been proposed to restore 
the performance properties of high-RAP-content mixtures, their impact on adhesion durability remains unex-
plored. This study assesses the effect of palm-oil rejuvenators on the adhesion durability of asphalt-aggregate 
systems. Aggregate-binder specimens fabricated with one type of aggregate and multiple binders (virgin as-
phalt, blends of asphalt and aged RAP-binder, and rejuvenated asphalts blends) were tested using a recently 
developed adhesion pull-off method under dry conditions and after 3 and 7 days of water conditioning. The 
results demonstrate that palm-oil rejuvenators effectively restore adhesion durability in asphalt-aggregate sys-
tems, highlighting their potential for enhancing not only the performance properties of the mixture, but also its 
durability.  



Caro, 2021). In order to control the chemical effects 
of the aggregate source on the results and efficiently 
isolate the influence of the asphalt binder blends, one 
type of aggregate was used. Specifically, a serpentin-
ite rock obtained from the Cajamarca Complex (To-
lima region, Colombia) was used due to its high re-
sistance against moisture damage, as demonstrated by 
Cala et al. (2019, 2021).  

2.2 Asphalt binders 
A virgin asphalt binder, classified as a pen. 60-70 
1/10 mm was chosen for this study due to its wide-
spread use in the country. An artificial aged-RAP 
binder, herein named as ‘aged binder’, was produced 
by subjecting the virgin binder to the Rolling Thin-
Film Oven (RTFO), followed by the Pressurized Ag-
ing Vessel (PAV) test according to ASTM D2872 and 
ASTM D6521, respectively. The virgin and aged as-
phalt were used to create a combination named ‘Base 
blend’, which consists of 30% aged binder and 70% 
virgin asphalt. This combination represents the effec-
tive asphalt expected to be present in new asphalt 
mixtures containing RAP contents between 40% and 
70% by weight of the total mixture (Sánchez et al., 
2023). Finally, to rejuvenate the Base blend, the opti-
mum dosage of two palm oil-based rejuvenators was 
incorporated (i.e., rejuvenated blends), as explained 
in the following section. 

2.3 Rejuvenators 
Two palm oil-based agents were used: i) crude palm 
oil, and ii) soft stearin. Crude palm oil is the primary 
product obtained from the African oil palm. This ma-
terial is subjected to refining processes, yielding mul-
tiple products, including the soft stearin. The asphalt 
rejuvenators were incorporated into the Base blend 
explained above according to the optimum doses ob-
tained by Sánchez et al. (2021). Table 1 presents the 
composition of these combinations. 
 
Table 1. Composition of asphalt combinations. 

Material Rejuvena-
tor’s dose* 

Composition 

Virgin binder (V) - 100% pen. 60-70 
(1/10 mm) binder  

Base blend  
(B) 

- 70% virgin binder + 
30% aged binder 

Base blend + Crude 
palm oil (Po) 

3.0% 67% virgin binder + 
30% aged binder + 3% 
crude palm oil 

Base blend + Soft 
stearin  
(Ss) 

3.0% 67% virgin binder + 
30% aged binder + 3% 
soft stearin 

* Percentage by weight of virgin binder 

3 EXPERIMENTAL METHODS 

The stages of the experimental work included: i) rock 
sample preparation, ii) aggregate-asphalt adhesive 
systems preparation, and iii) experimental testing. 

3.1 Rock sample preparation 
Rock samples were prepared following the methodol-
ogy proposed by Cala et al. (2019). The process began 
with the extraction of 25 mm diameter cores from 
field-obtained rock specimens. These cores were cut 
into cylindrical samples at a height of 10 mm. Both 
faces of the cylindrical specimens were polished us-
ing a diamond cup with a particle size of 40 μm with 
a high-precision cutting and polishing machine (Stru-
ers Ref: Accutom-100), which ensured parallel faces 
with ±1 μm tolerance and equivalent surface rough-
ness across replicates. This eliminated texture as a 
variable in the asphalt-aggregate interface. Finally, 
samples were subjected to an ultrasonic bath at 60 °C 
for 10 minutes to remove any residual material. 

3.2 Aggregate-asphalt adhesive system preparation 
The aggregate-asphalt adhesive systems were pre-
pared according to Cala et al. (2019), using cylindri-
cal rock samples, a metallic stub and the modified mi-
crometer (Figure 1), as follows: 
 

 
 
 
 
 
 
 
 
 

Figure 1. Modified micrometer for the adhesive system prepara-
tion. 

 
1. The rock sample and the metallic stub were 

heated in an oven at 150 °C for at least 30 
minutes to ensure complete water evaporation. 

2. Simultaneously with step 1, 1.50 g of asphalt 
was placed in the oven for the last 15 minutes, 
ensuring all components reach 150 °C. 

3. The metallic stub and the rock sample were 
placed in the micrometer and it was zeroed 
where the metallic stub touches the rock sam-
ple. 

4. The asphalt binder was applied to the bottom 
of the metallic stub. 

5. The metallic stub was lowered until the mi-
crometer’s dial reaches 20 μm. 

6. The complete setup was left cooling down for 
2 hours until the adhesive system reached 20 
°C ± 2 °C and then dismounted (Figure 2a). 



7. If the system required water conditioning, it 
was placed upside down in a container with 
type 1 water (i.e., ultrapure water that has been 
depleted of most contaminants) (Figure 2b). 

(a)                                              (b) 
 
 
 
 
 
Figure 2. (a) AAS system (dimensions in mm), and (b) water 
conditioning of the AAS system. 

3.3 Experimental pull-off test 
The pull-off test consisted of applying tensile forces 
using a hydraulic press under a displacement condi-
tion of 10 mm/min (Cala et al. 2019, 2021). During 
the test, the rock was secured to a descending piston, 
while the metallic stub was attached to the load cell. 
Data were recorded using a load cell with a sampling 
interval of 0.166 s.  

The results included Load [N] vs. Time [s] curves. 
Additionally, the adhesive failure area (A%) of the 
system was determined as the amount of adhesive 
loss or asphalt-aggregate debonding on the surface of 
the aggregate after the pull-off test (Figure 3(b)). 
These values were obtained after processing high-res-
olution images of the surface of the aggregate speci-
mens (Figure 3(a)) using the ImageJ software 
(Abràmoff et al., 2004). When the failure was fully 
cohesive, the value of A% was 0.0%. These experi-
mental results were used to compute two moisture 
damage parameters, one for Fmax (MDPFmax), and one 
for A% (MDPA%). These parameters correspond to the 
area under the curve of the relative loss of Fmax and 
the change in A% as a function of the water condition-
ing time compared to the dry values (Cala et al., 
2019). The higher the values, the higher the moisture 
susceptibility of the adhesive systems. Three repli-
cates were tested per case. 
(a)                                     (b) 

 
 
 

 
 
Figure 3. (a) Failure surface of an adhesive system after seven 
days of water conditioning, and (b) cohesive (red) and adhesive 
(black) failure areas. 

4 RESULTS AND ANALYSIS 

The samples were labelled based on i) rock lithology 
(e.g., SPT for serpentinite), ii) asphalt type (V for vir-
gin asphalt, B for base binder blend, Po for the base 
binder blend+crude palm oil and, Ss for the base 
binder blend+soft stearin), iii) water conditioning 
time (0, 3, or 7 days), and iv) the replicate number. 

Thus, sample SPT-Ss-3-1 is the first replicate of the 
serpentinite sample with a base blend binder with soft 
stearin conditioned for three days. If the label in-
cludes only one number (e.g., SPT-B-7), it is the av-
erage of all replicates for that rock and asphalt type at 
the specified conditioning time. 

4.1 Mechanical degradation 
Figure 4 shows the degradation of Fmax for the adhe-
sive systems as a function of the water conditioning 
time for all binders. The base binder blend samples 
exhibit the steepest reduction, indicating the highest 
moisture susceptibility. In contrast, the samples with 
virgin binder and rejuvenated binder blends show a 
more gradual reduction and comparable performance, 
suggesting better moisture resistance.  

After seven days of moisture conditioning, the Fmax 
values for the base binder blend experience signifi-
cant degradation (78% reduction with respect to the 
dry condition). The rejuvenated blend samples remain 
close to those of the virgin samples, demonstrating 
that the palm oil-based rejuvenators effectively re-
stored the adhesion durability of the AAS systems. 

 
 

 
 
 
 
 
 
 
 
Figure 4. Change of Fmax with water conditioning time. 

4.2 Adhesive failure area 
Moisture damage in asphalt-aggregate systems typi-
cally includes adhesive damage between the binder 
and the aggregate. The transition from cohesive to ad-
hesive failure is a key indicator of the system’s sus-
ceptibility to moisture. Figure 5 illustrates the evolu-
tion of A% with water conditioning for AAS systems. 
 
 
 
 
 
 
 
 
 
Figure 5. Evolution of the A% with the water conditioning time. 

 
Samples with the virgin binder demonstrate excep-

tional adhesion durability, maintaining A% values 
equal to zero (i.e., cohesive failure) even after seven 
days of water conditioning. The base binder blend 
samples with no rejuvenators (i.e., virgin and aged-
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binder blend in high-RAP content mixtures), exhibit 
the highest susceptibility to moisture damage, with an 
increase in A% over time, reaching values of 80% after 
seven conditioning days. Meanwhile, the rejuvenated 
blend samples show intermediate adhesion perfor-
mance, with an initial rise in A% during the first three 
days, followed by a stabilization, indicating improved 
moisture resistance compared to the base blend sam-
ples. Overall, these results confirm the positive im-
pact of the palm oil-based rejuvenators in recovering 
the adhesion durability of virgin + aged binder blend 
systems, mitigating the moisture-induced damage in 
mixtures with high-RAP content. 

 
Figure 6 summarizes the adhesion quality and du-

rability parameters of the asphalt-aggregate systems 
for each type of asphalt binder studied. Reduced ad-
hesive performance is represented by an increased 
distance from the centre of the plot (i.e., a larger pol-
ygon area for each material in the durability diagram).  

   
Figure 6. Durability diagram of AAS systems. 

 
Data in Figure 6 show that the samples with virgin 

binder exhibited the highest results, indicating its su-
perior adhesion performance. The samples with reju-
venated asphalt binder blends displayed intermediate 
results, showing an improvement compared to the 
samples with the base blend binder, which had the 
smallest area and, consequently, the highest suscepti-
bility to moisture damage. These results highlight the 
effectiveness of the studied rejuvenators in improving 
the adhesive durability of the aggregate-binder sys-
tems. 

5 CONCLUSIONS 

The results from this study show that the adhesion 
quality of all aggregate-asphalt adhesive systems (i.e., 
serpentinite with a virgin binder, a base binder blend 
simulating the effective binder in a mixture with high-
RAP content, and binder blends rejuvenated with 
crude palm oil and soft stearin) decreased with an in-
crease in the water conditioning time, as expected. 

However, the systems with rejuvenated asphalt 
blends had a better moisture resistance than those of 
the base binder blend (i.e., blend with no rejuvena-
tors), with an adhesive performance comparable to 
the samples with virgin asphalt.  

These results, along with previous studies that have 
shown the effectiveness of these palm oil-based reju-
venators in restoring the mechanical performance of 
RAP-blends, show their potential as effective rejuve-
nators.  

This study was limited to one aggregate type. 
Therefore, additional tests with rock types of different 
mineralogic properties are recommended.  
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2.2 
MATERIALS TESTING AND MODELING: 

CALIBRATION, VERIFICATION AND VALIDATION 



1 INTRODUCTION 

1.1 Background and Motivation 
The incorporation of reclaimed asphalt pavement 
(RAP) in road construction has become nearly indis-
pensable in today’s world due to the need for recy-
cling, sustainability, and cost considerations. How-
ever, the quality of RAP varies significantly, 
influenced by factors such as its source, location, 
age, and the original materials used in its composi-
tion. This variability results in a wide range of RAP 
binder quality across different stockpiles. For in-
stance, the state of Texas alone exhibits substantial 
diversity in RAP characteristics, necessitating rapid 
and efficient methods for quality assessment to sup-
port informed decision-making. 

Each RAP possesses unique properties, making 
proper evaluation critical for distinguishing between 
materials of differing quality. Among the key com-
ponents of asphalt mixtures, the asphalt binder plays 
a crucial role in determining the long-term perfor-
mance of the pavement. To assess RAP binder quali-
ty, the binder properties must be characterized, 
which requires its extraction from RAP materials. 
Conventional binder extraction and recovery meth-
ods typically involve the use of large quantities of 
organic solvents and specialized laboratory setups. 
Centrifuge-based methods are widely employed for 
binder extraction, where the RAP is soaked in an or-
ganic solvent to obtain a binder-solvent solution. For 

binder recovery, methods such as the Abson recov-
ery technique and the use of a rotary evaporator (ro-
tovap) are commonly utilized (McDaniel et al., 
2000). 

Although these conventional methods are well-
established and widely used, they are inherently 
time-consuming, require large volumes of solvents, 
and have limited throughput. A single centrifuge and 
rotovap setup in a laboratory can process only one 
RAP binder sample at a time, making the evaluation 
process slow and inefficient, particularly for regions 
with numerous RAP stockpiles. Additionally, the 
proposed EPA ban on trichloroethylene (TCE) for 
laboratory use the urgent need for alternative meth-
ods that employ safer, less chlorinated solvents like 
toluene. As the asphalt industry faces the need to 
evaluate large volumes of RAP, faster, safer, and 
high-throughput methods are becoming essential. 

Recent advancements in dynamic shear rheometer 
(DSR) technology have enabled the use of smaller 
diameter plates, such as 4 mm and 8 mm plates, for 
low temperature testing (Hajj et al., 2019, Filonzi et 
al., 2020). This allows comprehensive rheological 
characterization, including high, intermediate, and 
low temperature testing, to be performed exclusively 
on the DSR using minimal binder quantities. Conse-
quently, RAP extraction and recovery methods that 
yield small binder quantities can be highly effective, 
provided they are fast, simple, and capable of high 
throughput. 

Development of a simple RAP extraction and recovery method for 
smaller material quantities 
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ABSTRACT: As road networks expand globally and existing pavements are upgraded, the need for recycling 
in asphalt pavements continues to grow. However, the quality of RAP materials varies significantly, necessi-
tating reliable assessment methods to determine their suitability for new pavements and ensure optimal per-
formance. Rapid and efficient RAP quality assessment is especially critical in regions managing multiple 
RAP stockpiles, where informed decisions rely on accurate material evaluation. This study presents a novel 
microextraction procedure combined with a vacuum oven recovery method to extract small binder quantities 
for characterization. The vacuum oven recovery method was developed and refined through simulation trials 
using binder pellets, while various microextraction filtration techniques were evaluated with loose asphalt 
mixtures. The proposed procedure was validated through rheological characterization of binders and bench-
marked against conventional extraction and recovery methods, demonstrating its efficacy and potential for 
widespread application. 



1.2 Scope 
This study focuses on the development of a microex-
traction and recovery method for RAP. To establish 
the vacuum oven recovery method using toluene as 
the solvent, initial trials were conducted with simu-
lated binder pellets, without using RAP or asphalt 
mixtures. Through multiple iterations, key recovery 
parameters, such as temperature, duration, vacuum 
level, and other relevant conditions, were optimized. 
Subsequently, the refined procedure was applied to 
loose asphalt mixtures, simulating lab-produced 
RAP.  

The rheological characteristics results for the re-
covered binders were compared with binders recov-
ered through conventional extraction and recovery to 
validate the developed approach. The proposed 
method offers a simple, fast, and high throughput 
method to recover small binder quantities, making it 
highly suitable for RAP quality assessment. 

2 METHOD DEVELOPMENT WITH BINDER 
PELLETS 

2.1 Simulated binder-solvent solution  
For method development, the researchers simulated 
the proposed approach using asphalt binders to es-
tablish extraction and recovery parameters. Instead 
of utilizing asphalt mixtures or RAP samples, as-
phalt binder pellets were dissolved in toluene inside 
a glass bottle. During the micro-recovery simula-
tions, small 2 g binder pellets were dissolved in 20 
ml solvent, as illustrated in Figure 1. 

To ensure homogeneity, the binder-solvent solu-
tion was placed on a magnetic stirrer equipped with 
a chemical-resistant covered magnet inside the bot-
tle. The solution was stirred at approximately 200 
rpm for an extended duration, preferably overnight, 
to achieve complete dissolution. 
 
 
 
 
 
 
 
 

 
Figure 1. Binder pellet dissolved in a solvent in a glass bottle 
stirred on a magnetic stirrer. 

2.2 Vacuum oven recovery procedure 
Binder recovery was conducted using a conven-

tional vacuum oven. The binder solution was trans-
ferred to 4 oz steel cans, commonly used in asphalt 
laboratories for binder storage. Earlier trials em-
ployed glass dishes for this process, but to increase 
throughput, the glass dishes were replaced with dis-

posable 4 oz steel cans (Filonzi et al. 2020). These 
cans containing the binder solutions were placed in 
the vacuum oven for recovery. The oven's initial 
temperature was adjusted based on the solvent, 
which in this study was toluene, a solvent with a rel-
atively high boiling point. The temperature was 
gradually increased from 60°C to 165°C, with in-
crements of 20–25°C every 30 minutes, making the 
entire recovery process approximately 5 hours long. 
Figure 2 illustrates a typical vacuum oven setup with 
samples undergoing the recovery procedure. 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Figure 2. Vacuum oven used for recovery of binder from the 
binder-solvent solution. 
 

A vacuum of 70 cm of Hg was applied in the oven 
using a chemical-resistant vacuum pump. This high 
vacuum level is critical for reducing the boiling 
point of the solvent, facilitating efficient removal of 
solvent vapors from the oven while minimizing 
binder aging at elevated temperatures. The amount 
of binder solution in the sample cans was carefully 
calibrated to ensure that the recovered binder quanti-
ty was sufficient for DSR measurements. 

For these simulations, conventional high- and in-
termediate-temperature PG testing was performed, 
with complex modulus, phase angle, and stiffness 
parameters compared between the base binders and 
the recovered binders. Trials were conducted on four 
binders (designated B1, B2, B3, and B4), represent-
ing three different PG grades: two PG 64-22, one PG 
70-22, and one PG 76-22. These binders were tested 
in both rolling thin film oven (RTFO) and pressure 
aging vessel (PAV) aged conditions. 

2.3 DSR evaluation on recovered simulated binder 

The DSR results for 25 mm plate testing of RTFO 
aged base and recovered binders are presented in 
Figure 3 (a). As shown, the G*/sinδ values for the 



base RTFO binders and binders recovered through 
vacuum oven recovery simulation were highly com-
parable, with negligible d2s% differences between 
the two measurements. These findings indicate that, 
from a rheological standpoint, toluene is an effective 
solvent for recovering the original binder using the 
vacuum oven micro-recovery process, with complete 
removal of the solvent during recovery. Similarly, 
Figure 3 (b) presents the G*.sinδ values for base and 
recovered PAV aged binders. The results further 
confirm the effectiveness of the toluene-based re-
covery process, demonstrating the success of the 
simulation trials in preserving the rheological prop-
erties of the original binders, and no evidence of 
solvent in the recovered binder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
(b) 

Figure 3. Stiffness parameters at high and intermediate temper-
atures for RTFO and PAV aged original and recovered binders. 

3 MICROEXTRACTION AND RECOVERY 
TRIALS WITH LOOSE ASPHALT MIXTURES 

The previously described recovery trials simulated 
the recovery of binder from binder-solvent solutions 
using the vacuum oven procedure. The preceding 
step obtaining the binder-solvent solution involves 
extracting binder from the RAP, or lab simulated 

RAP in this study in the form of loose asphalt mix-
ture. This section focuses on the efforts to develop a 
fast and simple microextraction method to obtain the 
binder-solvent solution ready for recovery process. 

3.1 Different filtration methods 
The binder microextraction process begins by soak-
ing asphalt mixture or RAP in a solvent for a suffi-
cient duration to dissolve the binder into the solvent. 
Approximately 50 g of loose mixture was soaked in 
50 mL of toluene within a glass bottle, same as the 
one illustrated in Figure 1. The solvent amount was 
adjusted based on the container dimensions to ensure 
the mixture was adequately submerged. A magnetic 
stirrer was used to agitate the mixture at around 200 
rpm overnight, ensuring effective binder dissolution. 

The next step involved filtering the binder-solvent 
solution to separate aggregates and fine materials. 
Previous research utilizing 1-micron syringe filters 
effectively removed fine particles but required a sig-
nificant number of filters when processing mixtures 
with higher fine content (Filonzi et al. 2020). 

Two plant-produced loose asphalt mixtures were 
used for these trials. The first was produced using a 
PG 64-22 binder, and the second with a PG 70-22 
binder, both incorporating 20% RAP. Several filtra-
tion methods were explored, summarized as follows: 

3.1.1 Method-1 
This trial introduced a two-stage filtration process to 
improve efficiency over earlier methods. The first 
stage utilized generic coffee filters with a pore size 
of 10–20 microns to remove larger particles, as 
shown in Figure 4. Vacuum flask assistance was 
tested to expedite this step. In the second stage, the 
filtrate was passed through a 1-micron syringe filter 
with vacuum assistance (Figure 4). While this meth-
od slightly reduced the number of filters needed, the 
additional effort did not justify the limited savings in 
efficiency. 
 
 
 
 
 
 
 

   
Figure 4. Trial with coffee filter as the first stage in the two-
step filtration and vacuum manifold with syringe filters 

3.1.2 Method-2 
In this method, a single-stage filtration using 1-
micron syringe filters was employed. To reduce the 
number of filters required, the binder-solvent solu-
tion was left undisturbed overnight after a few hours 
stirring, allowing fine particles to settle. This waiting 
period reduced the load on the filters without com-
promising the homogeneity of the solution. 



3.1.3 Method-3 
This method eliminated magnetic stirring, instead 
manually stirring the solvent-mixture solution for a 
few minutes after a few hours of soaking time. The 
bottle was then left undisturbed overnight or around 
16 hours depending on the operator’s schedule, al-
lowing fines to be settled. After the settling period, 
the supernatant was manually drawn into a syringe 
through a 1-micron filter directly attached to the sy-
ringe as shown in Figure 5, significantly reducing 
the number of filters needed and simplifying the 
process. This approach efficiently recovered the 
binder with minimal time and filter usage. 
 
 
 
 
 
 

           
Figure 5. Manual method of drawing supernatant through a sy-
ringe filter from the undisturbed solution (without vacuum as-
sistance and stirring) 
 
The filtrates obtained through the methods discussed 
above were then subjected to the vacuum recovery 
procedure outlined earlier.  

3.2 DSR measurements on recovered binders 
The binders recovered from the filtrates were tested 
for DSR measurements and compared to binders re-
covered using conventional extraction and recovery 
with a centrifuge and rotovap. The recovered binders 
were tested for 25 mm high temperature and 8 mm 
intermediate temperature PG, and stiffness parame-
ters G*/sinδ at 64°C and G*.sinδ at 25°C were com-
pared. The results, shown in Figure 6, clearly 
demonstrate that all microextraction and recovery 
trials produced binders with stiffness values similar 
to those recovered by conventional methods. These 
findings confirm that the microextraction and recov-
ery method is a suitable, efficient approach for re-
covering binder from RAP or asphalt mixtures in 
small quantities. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Summary of stiffness parameters for recovered bind-
ers from different extraction and recovery methods 

4 CONCLUSIONS AND DISCUSSION 

This study introduces a simple, rapid, and safer mi-
croextraction and recovery method for assessing 
RAP binder quality. The developed method uses just 
50 g RAP and 50 ml of solvent in a glass bottle, sy-
ringes, filters, and a vacuum oven to extract and re-
cover sufficient binder for DSR rheological testing.  

The proposed method was validated through rheo-
logical characterization of the recovered binders and 
benchmarked against conventional extraction and 
recovery method. The proposed method provides a 
practical, efficient, and high-throughput solution for 
RAP quality assessment, and supports the asphalt 
industry in achieving sustainability goals. 
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ABSTRACT: This study uses strain-controlled oscillatory deformations in all-atom Molecular Dynamics (MD) 
simulations to examine the viscoelastic properties of SARA fractions in bitumen. Frequency sweep tests 
revealed distinct moduli and viscosity ranges, aligning with experimental observations. Saturates were the 
softest and thinnest, while Asphaltenes were the stiffest and least thermally susceptible. MD simulations 
identified five viscoelastic regimes—Elastic, Glassy, Rubbery, Rubbery Flow, and Viscous—and highlighted 
accelerated dynamics, with faster relaxation times of simulations allowing exploration of equivalent Hertz-long 
oscillations in experimental tests. Ensuring that characteristic timescales in MD simulations correspond to 
comparable Deborah numbers is critical for accurately capturing stress-related phenomena—an insight that 
represents a previously unrecognized necessity in MD studies involving bitumens. 

 

 

1. INTRODUCTION  

Bitumen, a complex mixture of hydrocarbons, is a byproduct 
of petroleum distillation with significant industrial 
application[1]. Its molecular diversity—comprising oily, 
resinous, and asphaltenic fractions—imparts unique 
viscoelastic properties, essential for construction but 
challenging to characterize[2]. Experimental techniques like 
Dynamic Mechanical Analysis (DMA) subject bitumen to 
oscillatory shear strains to measure its mechanical response 
across strain rates and temperatures, yielding master curves of 
viscoelastic behaviour[3]. However, computational modelling 

of these properties is less common due to the complexities of 
stress definition in Molecular Dynamics (MD) simulations[4]. 

Stress in MD simulations, defined as potential energy per 
unit volume, is ambiguous due to the lack of a defined atomic 
volume and the inclusion of numerous interaction terms, such 
as van der Waals forces and bond strains, in force field 
equations[5]. These complexities, combined with the time-
dependent nature of stress responses, lead to discrepancies in 
characteristic timescales between computational and 
experimental setups. Materials may exhibit fluid- or solid-like 
behaviour depending on the perturbation timescale relative to 



 

their internal dynamics, complicating the comparison of MD 
and experimental DMA results[6]. 

Force field simplifications, necessary for simulating 
molecular interactions, inherently introduce faster material 
dynamics in MD, requiring careful interpretation of stress-
related phenomena[7]. While methods like Green-Kubo 
provide insights into stress at equilibrium, they fail to capture 
the dynamic responses observed in DMA tests, particularly for 
highly viscoelastic materials[8]. Non-equilibrium methods, 
such as those by Müller-Plathe and Zhao introduce stress 
perturbations to study material responses but lack the precision 
to mimic experimental DMA setups, further contributing to 
difficulties when capturing rheological properties using 
conventionally accepted MD methods[9]. 

Research on bitumen remains predominantly application-
driven, often overlooking molecular-level characterizations. 
Consequently, MD simulations for bitumen face challenges in 
achieving accuracy, with studies frequently reporting stress 
tensors in gigapascal ranges or viscosities far below 
experimental values. These errors arise from unaccounted 
differences in characteristic timescales between experimental 
and computational configurations[6]. 

This study addresses these challenges by employing strain-
controlled oscillatory deformations in all-atom MD 
simulations to compute the dynamic properties of bituminous 
materials using DMA-like setups. By conducting frequency- 
and temperature-dependent sweep tests across hydrocarbon 
blends, this work integrates principles of Rheology and Civil 
Engineering into Computational Chemistry, proposing a 
standardized simulation framework. The study emphasizes the 
role of characteristic timescales in ensuring meaningful 
comparisons between simulation and experimental results, 
enhancing the design and analysis of viscoelastic materials 
using all-atom MD simulations. 

2. METHODOLOGY  

Twelve molecular systems representing bitumen's SARA 
fractions were modelled using Greenfield’s bituminous 
molecules[9] (shown in Figure 1) and the Polymer Consistent 
Force Field (PCFF)[10], selected for its ability to simulate 
complex hydrocarbon interactions akin to those in bitumens.  

These systems, comprising up to 30,000 atoms, were 
initialized using RDKit to generate low-energy configurations 
and prepared into their condensed form using LAMMPS 
through compression and annealing under NPT conditions. 
Residual stresses were minimized through 50 annealing 
cycles, ensuring equilibrium configurations suitable for stress 
tensor measurements and thus rheological analysis. 
 

 
Figure 1. The chemical structures of molecules employed in this study are 
depicted herein, separated into Saturates (red), Aromatics (purple), Resins 

(cyan), and Asphaltenes (black). 
 

Dynamic properties were computed in a methodology akin to 
that applied by Ebrahimi et Al.[11], applying strain-controlled 
oscillatory deformations in a triclinic simulation box (see 
Figure 2 for simulation geometry definitions). A sinusoidal 
strain (𝛾(𝑡)) waveform was imposed to cyclically deform the 
xy-plane, defined in Equation 1 and depicted in Figure 2: 

 𝛾(𝑡) = 𝑙𝑥𝑦(𝑡) = 𝛾0𝑠𝑖𝑛(𝜔𝑡) Equation 1 

Where 𝛾0 is the strain amplitude and 𝜔 the angular frequency. 
Stress tensors were calculated using the virial equation, 
especially on 𝜎𝑥𝑦, from Equation 2 as: 

𝜎𝛼𝛽 =
1

𝑉
(∑ 𝑚𝑖𝑣𝑖𝛼𝑣𝑖𝛽

𝑖

− ∑ 𝑟𝑖𝑗𝛼𝑓𝑖𝑗𝛽

𝑖<𝑗

) Equation 2 

where 𝜎𝛼𝛽is stress, 𝑉 is volume, 𝑚 is mass, 𝑣 is velocity, 𝑟 is 
position, 𝑓  is force between particles 𝑖  and 𝑗 in directions 𝛼 
and 𝛽. The shear stress response (𝜎𝑥𝑦(𝑡)), characterized by its 
amplitude (𝜎0) and phase lag relative to the strain (𝛿), obtained 
from Equation 3 as: 

𝜎𝑥𝑦(𝑡) = 𝜎0𝑠𝑖𝑛(𝜔𝑡 + 𝛿) Equation 3 

enabled the computation of storage modulus ( 𝐺′ ), loss 
modulus (𝐺″), and complex modulus (𝐺∗), computed using 
Equation 4 and Equation 5: 

𝐺′(𝜔) =
𝜔

𝑁𝑐𝜋𝛾0
2 ∑ 𝜎(𝑡)𝛾(𝑡)𝑑𝑡

𝑖

 Equation 4 

, 

𝐺′′(𝜔) =
1

𝑁𝑐𝜋𝛾0
2 ∑ 𝜎(𝑡)�̇�(𝑡)𝑑𝑡

𝑖

 Equation 5 

Additionally, dynamic viscosities—storage (𝜂′), loss (𝜂″), and 
complex ( 𝜂∗ )—were derived to quantify viscoelastic 
behaviour under varying frequencies and temperatures. 

                  

       

                  



 

 
Figure 2. Illustration and expressions used by LAMMPS correlating the 

simulation box’s vertices with the box’s edge lengths and tilt/shear factors. 
 

The selection of frequency values for use in simulations 
involving bituminous materials is not straightforward as the 
experimental frequency range commonly used to test bitumens 
in laboratory conditions (0.01 to 100 s-1) would correspond to 
about 1013  to 1017  simulation steps in all-atom simulations. 
This time scale initially suggests that replicating real-life 
frequency timescales in molecular simulations is unfeasible 
due to the large number of simulation steps. However, 
molecular phenomena often stabilize at a faster rate than 
observable in experiments (as 𝜏 ≪ 𝜏𝑒𝑥𝑝), as denoted by other 
MD-related studies[12]. This accelerated stabilization allows 
the simulations to reflect experimentally equivalent responses 
within computationally tractable durations (significantly 
fewer than 1013 steps) but introduces a discrepancy between 
the timescales of all-atom simulations dictated by the PCFF 
force field and real-world phenomena.  

The characteristic times of the simulations, defined as the 
timescale over which an applied perturbation dissipates 
(denoted as 𝜏 ), restoring the system to equilibrium, were 
determined through exploratory simulations[13]. These times 
were identified primarily at crossover points where 𝐺′ =  𝐺", 
typically observed near the transition between the Elastic and 
Glassy regions. Using these points as a reference, frequency 
sweep tests were designed to span a range of 30 frequencies, 
logarithmically distributed between 0.05 and 50 times 𝜏. This 
approach ensured that the stress-related phenomena captured 
a comprehensive viscoelastic profile within the scope of the 
simulations, rather than being limited to exclusively elastic or 
viscous regimes[11]. 

Simulations were conducted across a range of 
temperatures, specifically 0°C, 25°C, 60°C, 135°C, 160°C, 
and 200°C, which are critical for investigating the rheological 
behaviour of bituminous materials. By combining results 
across different temperatures using Time-Temperature 
Superposition (TTS), master curves were generated to 
characterize the materials' behaviour across Elastic, Glassy, 
Rubbery, and Viscous regimes. This approach bridges 
experimental and computational timescales, addressing the 
spatiotemporal discrepancies inherent in MD simulations. The 
resulting framework establishes a robust methodology for 
evaluating viscoelastic properties of bituminous materials at 
the molecular level. 

3. RESULTS  

Dynamic properties, including storage modulus ( 𝐺′ ), loss 
modulus (𝐺″), and complex modulus (𝐺∗), as well as their 
corresponding viscosities (𝜂′, 𝜂″, and 𝜂∗ ), revealed distinct 
viscoelastic behaviours across the SARA fractions. Saturates 
exhibited the lowest moduli and viscosities at 25°C (𝐺′=3145 
MPa, 𝐺″=1421 MPa, 𝐺∗=3643 MPa, 𝜂′=2.14 Pa·s, 𝜂″=0.97 
Pa·s, 𝜂∗=2.48 Pa·s), reflecting a soft and predominantly elastic 
nature. Aromatics, with intermediate values (𝐺′=4555 MPa, 
𝐺″=3239 MPa, 𝐺∗=5792 MPa, 𝜂′=3.10 Pa·s, 𝜂″=2.21 Pa·s, 
𝜂∗ =3.95 Pa·s), demonstrated significant thermal 
susceptibility, transitioning to viscous responses at higher 
temperatures. Resins and Asphaltenes were the stiffest 
fractions, with 𝐺′ and 𝐺∗ exceeding 12,000 MPa at 25°C, and 
viscosities as high as 9 Pa·s. Even at 200°C, Asphaltenes 
maintained substantial stiffness (𝐺′=1579 MPa, 𝜂∗=1.49 Pa·s), 
emphasizing their resistance to thermal stress. These values 
are summarized in Figure 3. 

Frequency-dependent plots revealed distinct viscoelastic 
regions across all fractions. Asphaltenes and Resins dominated 
in stiffness, with broader Rubbery and Viscous Flow regimes, 
while Saturates and Aromatics displayed narrower viscoelastic 
ranges, transitioning to fully viscous responses at lower 
frequencies. Scaling of characteristic times was critical in 
capturing these transitions, ensuring observed mechanical 
moduli reflected equivalent deformation rates across 
simulation and experimental setups in the form of equivalent 
Deborah numbers – being 7 to 8 decades faster in simulations, 
displayed for each viscoelastic region in Table 1. Figure 3 
(right) presents the Mastercurves of the simulations and for 
Polyisobutylene obtained experimentally[14]. These curves 
exhibit a characteristic "S" shape, indicating the major 
viscoelastic regions. However, the profiles derived from MD 
simulations are shifted by 7 to 8 decades to the right, 
highlighting that the simulations capture stress-related 
phenomena at significantly shorter or faster equivalent 
timescales. 

Thermal susceptibility factors (𝜒) quantified the impact of 
temperature on viscoelastic properties. Saturates and 
Aromatics displayed the highest 𝜒  values, indicating 
significant softening under thermal stress. In contrast, Resins 
and Asphaltenes retained high stiffness and viscosities, even 
at elevated temperatures, underscoring their structural 
robustness. 

The use of all-atom PCFF dynamics reveals a significant 
limitation: the standard deviation in stress tensor 
measurements (±20 MPa) exceeds the amplitude of the stress 
values induced by applied strain, rendering such 
measurements statistically unreliable or undetectable. 
Consequently, stress-related phenomena are challenging to 
capture using this approach, particularly in the low-frequency 
domain (e.g., the viscous regime). Stress values below 20 MPa 
would require alternative methodologies, such as different 
dynamic models or the application of the Time-Temperature 
Superposition (TTS) principle, which in this study enabled the 
detection of stress phenomena as low as 5 MPa. 



 

Table 1. Frequency ranges for all 5 Characteristic regions for both 
experimental and MD samples of bitumen at 25°C. 

Region Experimental 
[s-1] 

Experimental 
[fs-1] MD [fs-1]  Shift 

[fs-1] 
Elastic > 108 > 10−7 > 10−2 105 

Glassy 108 − 104 10−7 − 10−11 10−2

− 10−5 
106 

Rubbery 104 − 10−3 10−11 − 10−18 10−5

− 10−8 
108 

Rubbery 
Flow 10−3 − 10−4 10−18 − 10−19 10−8

− 10−10 
108

− 109 
Viscous 
Flow < 10−4 < 10−19 < 10−10 109 

 

 
Figure 3. (Left) Mastercurves of 𝐺∗ (solid) and 𝜂∗(dashed) for each SARA fraction. (Right) Mastercurves of 𝐺∗from (Left) in place with the experimentally obtained 
𝐺∗ values for Polyisobutylene by Catsiff and Tobolski[14]. 
 

4. CONCLUSION  

This study demonstrates that strain-controlled oscillatory 
deformations in MD simulations effectively capture the 
dynamic properties of bitumen's SARA fractions if the 
characteristic times between observations are carefully 
aligned. By employing frequency sweep tests across a wide 
range, the simulations revealed moduli spanning 1000–20 
MPa and viscosities ranging from 40 Pa·s to 0.001 Pa·s, 
providing insights into the viscoelastic behaviours of these 
molecular systems. 

1. Oscillatory shear deformation in MD effectively 
characterizes bitumen's dynamic properties, complementing 
experimental approaches. 

Frequency sweep tests revealed distinct moduli and 
viscosity ranges, aligning well with experimental 
observations. 
2. Mechanical differences among SARA fractions were 
evident: Saturates were the softest and thinnest, while 
Asphaltenes were the stiffest and least thermally susceptible. 
3. MD simulations highlighted faster relaxation times 
compared to experiments, allowing the study of Hertz-long 
oscillations within computationally accessible spatiotemporal 
scales. 
4. Five distinct viscoelastic regimes—Elastic, Glassy, 
Rubbery, Rubbery Flow, and Viscous—were identified, 
showcasing transitions in mechanical responses. 

Aligning the simulation's characteristic times with those of 
experimental setups to achieve a comparable Deborah number 
is essential for capturing realistic stress-related phenomena in 
MD simulations of bituminous materials. 

5. REFERENCES 

[1] D. Lesueur, The colloidal structure of bitumen: Consequences 
on the rheology and on the mechanisms of bitumen modification, 
Advances in colloid and interface science 145(1-2) (2009) 42-82. 
[2] E. Behzadfar, S.G. Hatzikiriakos, Viscoelastic properties and 
constitutive modelling of bitumen, Fuel 108 (2013) 391-399. 
[3] R.P. Chartoff, J.D. Menczel, S.H. Dillman, Dynamic mechanical 
analysis (DMA), Thermal analysis of polymers: fundamentals and 
applications  (2009) 387-495. 
[4] G.D. Airey, A.E. Hunter, Dynamic mechanical testing of 
bitumen: sample preparation methods, Proceedings of the Institution 
of Civil Engineers-Transport, Thomas Telford Ltd, 2003, pp. 85-92. 
[5] D. Tsai, The virial theorem and stress calculation in molecular 
dynamics, The Journal of Chemical Physics 70(3) (1979) 1375-
1382. 
[6] L. Lin, M. Kedzeriski, Prediction of Lubricant Viscosity from 
Nonequilibrium Molecular Dynamics Simulation,  (2021). 
[7] R. Metzler, T.F. Nonnenmacher, Fractional relaxation processes 
and fractional rheological models for the description of a class of 
viscoelastic materials, International Journal of Plasticity 19(7) 
(2003) 941-959. 
[8] A. Franck, T. Germany, Viscoelasticity and dynamic mechanical 
testing, TA Instruments, New Castle, DE, USA AN004  (1993). 
[9] D.D. Li, M.L. Greenfield, Viscosity, relaxation time, and 
dynamics within a model asphalt of larger molecules, The Journal of 
Chemical Physics 140(3) (2014). 
[10] H. Sun, S.J. Mumby, J.R. Maple, A.T. Hagler, An ab initio 
CFF93 all-atom force field for polycarbonates, Journal of the 
American Chemical society 116(7) (1994) 2978-2987. 
[11] J.P. Ewen, H.A. Spikes, D. Dini, Contributions of Molecular 
Dynamics Simulations to Elastohydrodynamic Lubrication, 
Tribology Letters 69(1) (2021) 24. 
[12] T. Dotson, Relaxation Behavior in Molecular Dynamics 
Simulations of Simple Polymers, Citeseer, 2008. 
[13] A.Y. Kuksin, I. Morozov, G. Norman, V. Stegailov, I. Valuev, 
Standards for molecular dynamics modelling and simulation of 
relaxation, Molecular Simulation 31(14-15) (2005) 1005-1017. 
[14] E. Catsiff, A. Tobolsky, Stress-relaxation of polyisobutylene in 
the transition region (1, 2), Journal of Colloid Science 10(4) (1955) 
375-392. 



1 PARTICLE SHAPE GENERATION 

1.1 Shape Generation Algorithms 
The generation of randomly shaped particles and the 
detection of overlapping are crucial for the numerical 
simulation of granular structures. Among others, the 
following algorithms and methods are used for the 
generation of irregularly shaped particles: R(θ) 
method (Wang et al. 1999), Voronoi grain-based 
method (Liu et al. 2018), (Mollon & Zhao 2012), 
(Emig et al. 2023), digital image-based method (Shan 
& Lai 2019), image-based clump library method 
(Zheng & Hryciw 2016), (Zheng & Hryciw 2017), 
Fourier-based method (Lianheng et al. 2017), (X. 
Wang et al. 2019), (Nie et al. 2019) and the Z-R shape 
function (Z. Wang et al. 2019). However, the majority 
of these algorithms are time-consuming and compu-
tationally complex to implement, meaning that a large 
number of calculations can only be realised to a lim-
ited extent. 

1.2 Shape Descriptors 
Numerous studies have attempted to quantitatively 
analyse the geometric properties of particles or 
grains. These morphological characteristics are typi-
cally described in three main dimensions: form (over-
all shape), roundness (angularity) and surface texture 
(roughness) (Lianheng et al. 2017), (Wang et al. 
2005), (Blott & Pye 2008). 

Form, considered the primary characteristic, refers 
to large-scale spatial irregularities in particle shape. 
Common shapes include circles, ellipses, rectangles, 
etc. To quantify a particle's basic shape, descriptors 

such as elongation index (EI), aspect ratio, and flat-
ness index are used. 

The EI is determined using the width W and length 
L of the smallest rectangular box containing the par-
ticle as follows (Mollon & Zhao 2012): 
𝐸𝐼 = 𝑊/𝐿.                 (1) 
Roundness, a secondary characteristic, refers to vari-
ations in particle shape at the intermediate scale, cap-
turing the average sharpness of the particle's corners. 
It is not influenced by the overall shape. Shape de-
scriptors such as the angularity index, roundness in-
dex (RI) and others are used to quantify this feature. 
The degree of roundness is determined and calculated 
as follows (Janoo 1998): 
𝑅𝐼 = 4𝜋𝐴/𝑃²                (2) 
where A is the projected area, while P is the perimeter 
of the particle contour. 

Surface texture, a tertiary characteristic, refers to 
small-scale surface features relative to the particle's 
overall size. The roughness index and regularity in-
dex are commonly used methods to quantify surface 
texture. The regularity index (RE) is calculated as 
(Mollon & Zhao 2012): 
𝑅𝐸 = log (

𝑃

𝑃−𝑃𝑐𝑜𝑛𝑣
)              (3) 

where P is the perimeter and Pconv is the convex pe-
rimeter of the particle. 
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ABSTRACT: The RAPToRS tool (Rapid Analysis and Processing Tool for Random Granular Structures) is a 
Python-based application designed for efficient generation, analysis, and processing of granular structures with 
specified grain parameters. It supports the serial calculation of mechanical properties for composite granular 
materials, such as concrete and asphalt, enabling applications such as AI-driven property prediction and statis-
tical material analysis. RAPToRS leverages Python's parallelization capabilities for enhanced computational 
performance. In test calculations, it generated and analysed 100 random models in about 64 s per model on a 
single processor. Integrating with OpenSeesPy’s extensive library of 73 material models, RAPToRS also facil-
itates advanced analyses of complex material behaviours of multiphase materials with varied properties.  



1.3 New Approach for Particle Shape Generation 
A new and simple approach was developed using the 
Python programming language. This approach uses 
the polygenerator package, made available by Ra-
dovan Bast in 2021, which is licensed under the MIT 
License and can be obtained via GitHub (Bast 2021a) 
or pip (Bast 2021b). The code of the package or the 
method for generating polygons will not be discussed 
in detail here, but the code is available on GitHub. 

The package provides three functions for generat-
ing random polygons. The function random_poly-
gon() creates random and chaotic polygons, whereas 
the function random_star_shapd_polygon() yields 
random star shaped polygons as the name suggests. In 
this paper, the function random_convex_polygon() 
was used for creating random convex polygons with 
a specific number of points as a function argument. 

In order to ensure the reproducibility of polygons 
using this function, the random state was initially set 
by the Python function random.seed() before creating 
the polygon. Within a for-loop from 0 to 10209 for 
the initial random state, 98 polygons were created per 
random state with a nested for-loop from 3 to 100 
number of points. A total of 1,000,580 different pol-
ygons were thus created, the shape descriptors and 
other parameters were determined and the parameter 
sets were saved in a text file. By re-importing the text 
file, polygons that satisfy certain conditions can be 
recreated rapidly and efficiently.  

Figure 1 illustrates the relationship between the 
minimal polygon size, the number of points and the 
elongation index according to equation (1) and Figure 
2 depicts the relationship between the polygon area, 
the number of points and the roundness index accord-
ing to equation (2) for all 1,000,580 polygons. All 
polygons are created in a square box of 1 mm by 1 
mm, hence the range for the minimal polygon size 
from almost 0 for very elongated polygons (EI ≈ 0) 
with a small number of points to 1 for polygons re-
sembling almost perfect circles with a high number of 
points and a ratio of width to length of 1. Given that 
the roundness index for these polygons is equal to 1, 
the polygon area corresponds to the area of a circle 
with diameter 1 mm (0,785 mm²) as can be seen in 
Figure 2. Since the regularity index for convex poly-
gons approaches infinity according to equation (3), 
this index is not considered further here. 

2 MODEL GENERATION AND ANALYSIS 

2.1 Granular Structure Generation 
The initial step is to define the dimensions of the 
model in the x and y direction. Using Python, an al-
gorithm was written that starts by taking a random 
subset with a specific number of grains (polygons) 
matching the user-defined criteria from the entirety of 
the aforementioned 1,000,580 polygons. The grains 

are then scaled in size and randomly arranged within 
the model boundaries. This process starts with the 
largest grains and the size of the grains is gradually 
reduced until all grains are placed within the model.  

The algorithm checks for each grain if it overlaps 
with or is entirely within the boundaries of an already 
placed grain. If the former is the case, the grain is ro-
tated up to 360° on the spot to check whether it fits 
into the current granular structure in a different orien-
tation. If this also fails or the grain is inside another 
grain, a new position for the grain is randomly initi-
ated and the algorithm starts anew.  

This method enables the creation of random two-
dimensional granular structures consisting of grains 
with a specific shape and size that can be created with 
high temporal and computational efficiency. Figure 3 
depicts an exemplary random granular structure with 
dimensions 125 mm by 125 mm and 100 grains with 
EI between 0.45 and 0.55, a max. grain size of 16 mm 
and a min. grain size of 5 mm that was created using 
the described algorithm. The determination of the re-
sulting particle size distribution is implemented in the 
algorithm, but is not considered further here. 
 

 
Figure 1. Minimal polygon size vs. elongation index for all 
1,000,580 polygons with colour-coded number of points 

 
Figure 2. Polygon area vs. roundness index for all 1,000,580 pol-
ygons with colour-coded number of points 



 
Figure 3: Random granular structure with dimensions 125 mm 
by 125 mm consisting of 100 grains with an elongation index 
between 0.45 and 0.55, a maximum grain size of 16 mm and a 
minimum grain size of 5 mm 

2.2 Model Generation 
The actual model for calculating the deformations and 
stresses of the granular structure is created using 
OpenSeesPy.  This is a version of the OpenSees finite 
element software framework adapted for use in Py-
thon, which is maintained by the University of Cali-
fornia at Berkeley. Further information on OpenSees 
and OpenSeesPy can be found in the respective doc-
umentation (OpenSees 2024), (OpenSeesPy 2024). 

The granular structure model is generated by first 
choosing a resolution for the model and by then iter-
ating over every centre point of the resulting discreet 
model and checking, whether the point lies within a 
grain (polygon) of the granular structure. If this is the 
case, the designated model parameters for the grains 
or aggregates are chosen. If otherwise the point lies 
within the mastic or cement stone, the respective 
model parameters are selected. A FourNodeQuad el-
ement which uses a bilinear isoparametric formula-
tion is then created at the position of the centre point 
with model parameters accordingly using the four ad-
jacent corner nodes. In order to accelerate this pro-
cess, a KDTree is used for faster assignment of the 
elements to the respective material phases. 

Thus, a plane stress / plane strain elastic model 
with thickness t = 1 mm is created for which boundary 
conditions can be defined. Figure 4 depicts the model 
created in this way for the exemplary granular struc-
ture mentioned in the last section.  

Note that the grains are cut off at the specified 
edges of the model. Using this approach, a variety of 
different model geometries can be created. For exam-
ple, a circular disc can be considered by checking 
whether the centre points of the model lie inside a cir-
cle with a defined radius. Thus, the indirect tensile 
test, which is widely used in pavement engineering 
can be modelled. 

 
Figure 4. Generated granular model using OpenSeesPy with a 
resolution of 0.25 mm and thickness t = 1 mm; dark grey: aggre-
gates / grains with E = 80,000 N/mm² and ν = 0.2; light grey: 
cement stone with E = 5000 N/mm² and ν = 0.3 

2.3 Model Analysis and Processing 
Continuing with the previously considered example, 
the following boundary conditions are applied to ex-
plain the model analysis using OpenSeesPy. The dis-
placement of the nodes at y = 0 is fixed in x and y 
direction and the displacement of the nodes at y = 125 
is fixed in x direction. Additionally, a multi-point 
constraint is defined between the nodes at y = 125, 
forcing a synchronised movement in y direction. A 
force of 1000 N is equally distributed over all nodes 
at y = 125. The model is subsequently analysed using 
the respective Analysis Commands provided by 
OpenSeesPy in Python. Figure 5 depicts the resulting 
von Mises stress in the exemplary model with the 
aforementioned boundary conditions.  
 

 
Figure 5. Von Mises stress of the granular model with defined 
boundary conditions plotted using Opsvis 

 



As all results are available in Python, further anal-
yses or processing of the results or the model in gen-
eral can be carried out conveniently via efficient mod-
ules such as NumPy or matplotlib. For example, the 
visualisation presented in Figure 5 is the result of the 
Opsvis module (Opsvis 2024), which is based on mat-
plotlib and was designed specifically for plotting 
models and results of OpenSeesPy. 

3 CONCLUSION AND OUTLOOK 

The algorithms described are summarised in the 
Rapid Analysis and Processing Tool for Random 
Granular Structures - RAPToRS. This tool allows for 
the time and computational effective generation, 
analysis and processing of random granular structures 
consisting of grains with specific parameters all 
within the Python programming language. 

The RAPToRS tool enables the realisation of serial 
calculations of mechanical properties of all kinds of 
composite granular materials such as concrete or 
asphalt. This data can then be used e.g., for the 
learning of artificial intelligence metamodels for the 
prediction of said properties or for the statistical 
analysis of the properties of one specific material. As 
the tool is written entirely in Python, other useful 
modules and packages can be used, e.g. for the 
parallelisation of calculations. 

A test calculation of 100 random models each 
measuring 125 mm by 125 mm with 80 grains (0.45 
< EI < 0.55, 16 mm maximum and 5 mm minimum 
grain size) and a resolution of 0.5 mm using one 
processor (AMD Ryzen 7 PRO 4750U) took 64.17 s 
on average (standard deviation of 1.44 s). Computing 
10,000 models with the same parameters using a 
moderately performant computer with 64 processors 
would therefore take around 167 min or 2.8 h. 

The OpenSeesPy framework currently offers a total 
of 73 different material models for linear, non-linear, 
elastic, viscous, plastic and other complex material 
behaviour. This allows not only trivial calculations to 
be carried out, as demonstrated in this paper, but also 
complex relationships resulting from the granular 
material structure to be analysed. The presented 
approach for generating granular structures also 
allows the consideration of multiphase materials with 
an arbitrary amount of material phases. 

It should be noted however, that the tool is not 
without limitations. On the one hand, only two-
dimensional, plane stress / plane strain problems can 
be considered. Secondly, no contact conditions 
between the individual material components are 
currently taken into account. The aggregates are 
firmly embedded in the mastic. Further development 
of the tool may allow contacts to be taken into account 
in the future, e.g. by implementing interface elements. 
Finally, only convex polygons (particle shapes) are 
currently considered. However, concave polygons 

can also be generated using the polygenerator 
package, which will be implemented in the RAPToRS 
tool in the future. 
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1 INTRODUCTION 

A relaxation spectrum (discrete or continuous) offers 
a distribution of relaxation times (Findley et al. 1976, 
Ferry 1980) and provides a fundamental representa-
tion of the mechanical response of a material. Each 
relaxation time corresponds to a distinct mode of 
stress relaxation, with the spectrum quantifying the 
contribution of each mode to the overall viscoelastic 
behavior. The distribution of relaxation times can be 
either discrete or continuous, comprising infinitesi-
mal contributions across an infinite range of relaxa-
tion times (Ferry 1980). Studies have highlighted sev-
eral challenges in determining the discrete relaxation 
spectrum (DRS), including the non-uniqueness of 
values and the occurrence of negative spectra (Zhang 
et al. 2020). Though the continuous relaxation spec-
trum (CRS) also poses problems due to the inversion 
of integrals, it is preferred over the DRS as it is said 
to represent the fundamental nature of the relaxation 
process in many materials (Bhattacharjee et al. 2012). 

For bituminous binders and mixtures, scant data 
exists related to computing the CRS and DRS. The 
relaxation spectrum can be obtained from experi-
mental data carried out in the time domain (Nivitha et 
al. 2023), such as stress relaxation or in the frequency 
domain, such as frequency sweep experiments (Zhao 
et al. 2018). When the stress relaxation data is used, 
the time duration of testing influences the relaxation 
spectrum. In addition to this, the difficulties associ-
ated with generating an instantaneous deformation 
and tracking the rapid initial decay of stress exist in 

the case of stress relaxation experiments (Narayan et 
al. 2012, Yu et al. 2020, Xi et al. 2022). Hence, the 
frequency domain experiments are usually preferred 
over the time domain experiments, where the experi-
ments are generally carried out over a range of fre-
quencies in the small amplitude oscillatory shear 
mode. However, the range of frequencies that could 
be accessed by the equipment typically spans no more 
than three decades, owing to the limitations of the 
equipment (Yu et al. 2020). This short frequency 
range may be insufficient to fully capture the relaxa-
tion characteristics of bitumen. 

To overcome this issue, most studies on the relax-
ation spectrum derived from frequency domain ex-
periments utilise information from the master curve 
obtained through the time-temperature superposition 
principle (TTSP), which extends the experimental 
frequency range (Behera et al. 2024, Medam et al. 
2024). However, due to the transitory response of bi-
tumen in the temperature range of 20 to 60 °C 
(Padmarekha & Krishnan 2013, Nivitha et al. 2020), 
it is not always possible to construct a unique master 
curve in this temperature range, in addition to the 
practical difficulty of collecting data over a large 
range of decades of frequency.  Considering this lim-
itation, alternative methods have to be used to extend 
the frequency window in such instances, which might 
be using linear viscoelastic models.  

This study focuses on the issues concerning the 
generation of the isothermal relaxation spectrum us-
ing frequency sweep experiments carried out over a 
short frequency range. 
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ABSTRACT: The relaxation spectrum is a critical tool for characterising the viscoelastic properties of bitu-
men. This study investigates the challenges associated with generating an isothermal relaxation spectrum from 
frequency domain data spanning a short range of frequencies. Experiments were carried out on unmodified 
VG30 bitumen at 0 °C and 60 °C across a limited frequency range spanning 1.39 decades. This was extended 
using generalised linear viscoelastic models with an appropriate number of relaxation modes to derive contin-
uous relaxation spectra.  The range of the relaxation time is found to be more for 0 °C than for 60 °C and in 
both the cases, the corresponding frequency range to capture the dominant relaxation modes was found to be 
too high to be accessed by the testing equipment. 
 



2 EXPERIMENTAL INVESTIGATION 

The material used in this study is an unaged unmodi-
fied bitumen of Viscosity Grade VG30 as per Indian 
Standards, IS 73 (2018).  

The material was subjected to frequency sweep ex-
periments in the strain-controlled mode at tempera-
tures of 0 and 60 °C in a parallel plate system in a 
Dynamic Shear Rheometer (DSR). The sample di-
mensions were 8 mm diameter and 2 mm height when 
tested at 0 °C and 25 mm diameter and 1 mm height 
when tested at 60 °C. The following frequencies were 
applied in a step-wise manner, starting with the high-
est frequency: 0.1, 0.3, 0.5, 0.7, 0.9, 1.3, 1.5, 1.7, 1.9, 
2.1 and 2.5 Hz. Twenty cycles of data were collected 
for each frequency. The amplitude was kept constant 
across the frequencies and was chosen such that the 
material response is linear as per ASTM 
D7175(2023). This was ensured by carrying out an 
amplitude sweep experiment at the highest frequency 
of 2.5 Hz for each temperature. The test matrix is 
shown in Table 1. 
 
Table 1.  Test matrix. 

Temperature 
(°C) 

Strain amplitude 
(%) 

Frequency (Hz) 

0 0.27 0.1, 0.3, 0.5, 0.7, 0.9, 
1.3, 1.5, 1.7, 1.9, 2.1, 2.5 60 8.6 

3 ANALYSIS AND RESULTS 

The storage and loss modulus values in terms of the 
CRS are given as, 
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Here, 𝜔 is the angular frequency, 𝜏 is the relaxation 
time and ℎ(𝜏) is the relaxation spectrum. To construct 
the CRS, the regularisation method is used and this is 
achieved with the help of an open-source Python pro-
grammed code, pyReSpect (Takeh & Shanbhag 
2013). Here, the CRS, ℎ(𝜏) = 𝑒%(') is obtained by 
minimising the cost function using the Tikhonov reg-
ularisation. This yields the 𝐻(𝜏) curve, which is a 
trade-off between the smoothness of the curve and the 
overfitting of the curve. Following this, this program 
requires the values of frequency, storage modulus and 
loss modulus to generate the CRS. 

The pyReSpect program yields the relaxation 

spectrum spanning the range given by 𝑒
!"
# /𝜔)*+ ≤

	τ	 ≤ 	 𝑒$
!"
# /𝜔),- by allowing for the choice of 𝐵 

which takes the values of -1, 0 or 1. The value of 𝐵	 =
	0 generates the relaxation time range where it is 

restricted by the experimental frequency range, i.e., 
1/𝜔)*+ 	≤ 	𝜏	 ≤ 	1/𝜔),-. When 𝐵	 = 	1, the range 
of the relaxation time gets reduced by 1.36 decades, 
i.e., 0.68 decades on either side of the range. When 
the value of 𝐵 = −1, the experimental frequency 
range is increased by 0.68 decades on either side of 
the maximum and minimum values of frequency, i.e., 
the entire frequency range increases by 1.36 decades. 
In this study, the experiment covers frequencies rang-
ing from 0.1 to 2.5 Hz, which is only 1.39 decades of 
frequency. Even the choice of 𝐵	 = −1 may not be 
able to yield the necessary frequency window that is 
required to capture the relaxation characteristics of bi-
tumen, as pointed out by Yu et al. (2020) and hence, 
the experimental frequency range is extended using a 
linear viscoelastic model.  

3.1 Choice of the linear viscoelastic model 
Since the material response is obtained at two differ-
ent temperatures, the same model may not be able to 
capture the material response across both the test tem-
peratures. In this context, a Generalised Maxwell 
(GM) model is proposed to capture the response of 
bitumen at the higher temperature of 60 °C and a Ze-
ner model is proposed to capture the response of bi-
tumen at the lower temperature of 0 °C. The GM 
model consists of several Maxwell models connected 
in parallel with 𝑛 relaxation modes and the linear vis-
coelastic parameters, storage and loss modulus as ob-
tained from the model are given by, 
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Here, 𝐺, and 𝜏, are the relaxation modulus and relax-
ation time corresponding to the 𝑖01 relaxation mode. 
The Zener model is very similar to the GM model but 
with an additional spring parallel to the Maxwell ele-
ments and hence a modulus term 𝐺2 gets added to the 
storage modulus in Equation (3). The loss modulus 
remains unchanged. For a given number of modes, 
the Zener model is found to show better predictions 
of the linear viscoelastic parameters across the fre-
quencies for the data collected at 0 °C and this is rep-
resented as a decrease in the normalised root mean 
square error (NRMSE) values compared to the GM 
model as shown in Figure 1.  



 
Figure 1. Variation of NRMSE against number of modes for 
different models. 

3.2 Choice of the number of modes 
It is observed that the NRMSE value decreases sig-
nificantly with an increase in the number of modes up 
to a certain value of 𝑛 and beyond this, there is no 
significant change or there is an increase in the 
NRMSE values (Fig. 1). The value of 𝑛 beyond which 
there is no further significant decrease in the number 
of modes is identified as the number of modes for the 
respective models to predict the material response at 
the corresponding temperatures. In this context, the 
number of modes required to predict the material re-
sponse at 0 and 60 °C are 3 and 2, respectively. The 
parameters (𝐺,) associated with the number of modes 
indicate the DRS of bitumen against the relaxation 
times (𝜏,). An increase in the number of modes be-
yond the ones identified at the given test temperature 
was found to yield similar values of the relaxation 
times, thereby showing redundancy, meaning they do 
not provide additional insight into the relaxation char-
acteristics of bitumen. Table 2 shows the relaxation 
moduli and times for different number of modes for 
60 °C. It can be observed that beyond 𝑛 = 2, some of 
the relaxation times are similar and the total distinct 
values of relaxation time for any number of modes are 
only 2. 
 
Table 2. Model parameters for different modes for 60 
°C   
𝑛 𝐺$ (kPa) 𝜏$ (s) 
2 328.33, 0.48 0.001, 0.080 
3 131.8 148.20, 0.45 0.001, 0.001, 0.083 
4 69.27, 112.99, 96.39, 0.44 0.001, 0.001, 0.001, 0.083 

 
Having identified the suitable model and the number 
of modes, the frequency range is extended beyond the 
experimental frequency window and a representative 
plot is shown in Figure 2.  

The CRS is generated using the storage and loss 
modulus values corresponding to the extended fre-
quency range using the pyReSpect program. The CRS 

determined for the material at 0 and 60 °C are shown 
in Figure 3. From the figure, it can be observed that 
the distribution of relaxation times is greater for 0 °C 
than for 60 °C. 
  

 
Figure 2. Predicted moduli for extended frequency window at 
60 °C. 

 
 

 
(a) 0 °C 

  
(b) 60 °C 
Figure 3. Continuous relaxation spectrum. 

 
The position and intensity of the peaks observed in all 
the cases were found to be almost similar to those ob-
tained from the linear viscoelastic model (DRS). In 



this context, ideally, the CRS at 0 °C should show 
three peaks, with the third peak occurring at higher 
relaxation times. However, it was observed that the 
model predictions were poor at lower frequencies and 
hence, were not included in the generation of the CRS 
for this temperature.  

From Figure 3a, it can be observed that the relaxa-
tion time required to capture the dominant relaxation 
characteristics of bitumen spans approximately 3.5 
decades at 0 °C, ranging from 𝜏),-		 = 10$4		s to 
𝜏)*+		 = 102.6		s. The corresponding frequency range 
for this relaxation time is 𝜔),-			= 0.32 rad/s to 𝜔)*+		 
= 1000 rad/s. Similarly, as shown in Figure 3b, at 60 
°C, the frequency range spans approximately 1.5 dec-
ades (ignoring the second peak, which is insignifi-
cant), extending from 𝜔),-			= 100 rad/s to 𝜔)*+		= 
3162 rad/s. These high frequencies exceed the capa-
bilities of the equipment due to its limitations. There-
fore, extending the experimental frequency range is 
crucial to capture the relaxation characteristics of bi-
tumen. 

In this study, the DRS of bitumen is determined 
first to extend the frequency range required for gen-
erating the CRS. This approach contrasts with meth-
odologies in some existing literature, where the CRS 
is determined first, and the DRS is subsequently de-
rived to overcome the limitations of the DRS (Bae & 
Cho 2016). However, such methodologies can be ap-
plied only when the experimental frequency range 
can be extended using the TTSP. In cases where 
TTSP is not applicable, the DRS must be determined 
first, followed by the CRS. 

4 CONCLUSION 

The relaxation spectrum is a crucial parameter in un-
derstanding the viscoelastic behavior of materials, 
particularly bitumen. This study highlights the chal-
lenges in generating isothermal relaxation spectra 
when the frequency range is short. An unmodified 
VG30 bitumen is subjected to frequency sweep ex-
periment at 0 and 60 °C at 11 frequencies spanning 
1.39 decades. The experimental frequency range is 
extended by appropriate generalised linear viscoelas-
tic models with a suitable number of modes and con-
tinuous relaxation spectra were obtained. It was ob-
served that the frequencies required to capture the 
relaxation behavior of bitumen are much larger than 
that could be accessed by the equipment.   

5 REFERENCES 

ASTM D7175 2023. Standard test method for determining the 
rheological properties of asphalt binder using a dynamic 
shear rheometer. ASTM International, West Conshohocken, 
PA. 

Bae, J. E., & Cho, K. S. 2016. A systematic approximation of 
discrete relaxation time spectrum from the continuous 

spectrum. Journal of Non-Newtonian Fluid Mechanics, 235: 
64–75. 

Behera, A., Thushara, V. T., & Krishnan, J. M. (2024). Linear 
viscoelastic response of emulsified-asphalt cold recycled 
mixtures. Mechanics of Time-Dependent Materials, 28(3): 1-
25. 

Bhattacharjee, S., Swamy, A. K., & Daniel, J. S. 2012. Contin-
uous relaxation and retardation spectrum method for viscoe-
lastic characterization of asphalt concrete. Mechanics of 
Time-Dependent Materials, 16(3): 287–305. 

Ferry, J. D. 1980. Viscoelastic Properties of Polymers, 3rd ed. 
New York: Wiley. 

Findley, W. N., Lai, J. S., & Onaran, K. 1976. Creep and Relax-
ation of Nonlinear Viscoelastic Materials. New York: Dover 
Publications. 

IS 73 2018. Indian standard for paving bitumen. Bureau of In-
dian Standards, New Delhi. 

Medam, T., Thushara, V. T., & Krishnan, J. M. 2024. Statistics-
based design of experimental framework to formulate ter-
nary RAP binder blends. Journal of Materials in Civil Engi-
neering, 36(3): 04023638. 

Narayan, S. P. A., Krishnan, J. M., Deshpande, A. P., & Ra-
jagopal, K. R. 2012. Nonlinear viscoelastic response of as-
phalt binders: An experimental study of the relaxation of 
torque and normal force in torsion. Mechanics Research 
Communications, 43: 66–74. 

Nivitha, M. R., Krishnan, J. M., & Rajagopal, K. R. 2020. Vis-
coelastic transitions exhibited by modified and unmodified 
bitumen. International Journal of Pavement Engineering, 
21(6): 766–780. 

Nivitha, M. R., Devika, R., Krishnan, J.M., & Roy, N. 2023. In-
fluence of bitumen type and polymer dosage on the relaxa-
tion spectrum of styrene-butadiene-styrene (SBS)/styrene-
butadiene (SB) modified bitumen. Mechanics of Time-De-
pendent Materials, 27(1): 79–98. 

Padmarekha, A., & Krishnan, J. M. 2013. Viscoelastic transition 
of unaged and aged asphalt. Journal of Materials in Civil En-
gineering, 25(12): 1852–1863. 

Takeh, A., & Shanbhag, S. 2013. A computer program to extract 
the continuous and discrete relaxation spectra from dynamic 
viscoelastic measurements. Applied Rheology, 23(2): 24628. 

Xi, L., Luo, R., Ma, Q., Tu, C., & Shah, Y. I. 2022. An improved 
method to establish continuous relaxation spectrum of as-
phalt materials. Construction and Building Materials, 354: 
129182. 

Yu, D., Yu, X., & Gu, Y. 2020. Establishment of linkages be-
tween empirical and mechanical models for asphalt mixtures 
through relaxation spectra determination. Construction and 
Building Materials, 242: 118095. 

Zhang, F., Wang, L., Li, C., & Xing, Y. 2020. The discrete and 
continuous retardation and relaxation spectrum method for 
viscoelastic characterization of warm mix crumb rubber-
modified asphalt mixtures. Materials, 13(17): 3723. 

Zhao, K., Wang, Y., Chen, L., & Li, F. 2018. Diluting or dis-
solving? The use of relaxation spectrum to assess rejuvena-
tion effects in asphalt recycling. Construction and Building 
Materials, 188: 143–152. 



1 INTRODUCTION 

Warm Mix Asphalt (WMA) Technology has gained 
increasing attention in recent years as a sustainable 
alternative to traditional hot mix asphalt (HMA) 
(Milad et al. 2022). WMA is produced at tempera-
tures 20-40 °C lower than HMA, resulting in re-
duced fuel consumption and greenhouse gas emis-
sions during production and paving operations 
(Ferrotti et al 2024). Additionally, the lower mixing 
temperatures of WMA can lead to improved work-
ing conditions and longer hauling distances. 

To enhance pavement performance and address 
environmental concerns related to tire disposal, the 
incorporation of crumb rubber (CR) from end-of-life 
tires (ELTs) into asphalt mixtures has also been ex-
plored. Furthermore, CR can improve the acoustic 
performance of pavements by reducing traffic noise 
(Puccini et al. 2019). 

Combining WMA technology with CR presents a 
promising approach to produce environmentally 
friendly and high-performance asphalt mixtures 
(Wang et al. 2018). The reduced production temper-
atures of WMA minimize the degradation of CR 
particles, potentially improving the overall perfor-
mance of the modified asphalt (Yu et al. 2018). Sev-
eral studies have investigated the laboratory perfor-
mance of WMA-CR mixtures, demonstrating their 
potential in terms of mechanical properties, worka-
bility and surface characteristics (Ziari et al. 2018). 

Additionally, the synergy between WMA and CR 
can further reduce the environmental impact by low-
ering emissions and enhancing the use of recycled 
materials (Picado-Santos et al. 2020). It has also 
been shown that this technology is promising when 
porous asphalt mixtures are considered. In fact, the 
rubber particles can improve durability and noise re-
duction properties of porous mixtures (Cetin 2013).  

The purpose of this research, which is part of a 
wider project that started with a preliminary com-
prehensive laboratory characterization (D’Angelo et 
al. 2024), is to evaluate the technical feasibility of 
large-scale production of WMA-CR mixtures for 
Italian motorway network applications. The in-plant 
production of porous mixtures, the construction of a 
trial section and the performance assessment accord-
ing to Italian motorway technical specifications were 
carried out. 

2 EXPERIMENTAL RESEARCH  

2.1 Materials 
This research is focused on two rubberized semi-
porous warm asphalt mixtures, previously optimized 
(D’Angelo et al. 2024) and produced with 6.5% pol-
ymer modified bitumen (PmB) and 1.5% or 2.0% 
CR from ELTs added by dry method (coded as 
M1.5_plant and M2.0_plant, respectively). The 
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ABSTRACT: Warm Mix Asphalt (WMA) technology in combination with crumb rubber (CR) from end-of-
life tires (ELTs) can lead to a sustainable low environmental impact solution, while enhancing mechanical 
and acoustic performance of asphalt pavements. As part of a broader project, including a preliminary labora-
tory investigation, this research aims at evaluating the technical feasibility of WMAs modified with CR by 
dry process for porous wearing courses. Large-scale production and field trial on motorway section were con-
ducted to assess the performance of the selected mixtures according to the Technical Specifications for the 
Italian motorway network. The experimental investigation included volumetric and workability analyses, me-
chanical tests and surface characterization on both laboratory specimens and cores taken from the field trial. 
The results show that when the CR content is lower than a critical amount no specific precaution has to be 
undertaken at production plant and during lay-down activities in order to guarantee satisfying workability, 
mechanical and surface properties.  



PmB, classified as 45/80-70 and with a dynamic vis-
cosity of 0.40 Pa·s at 160 °C, contains 4% SBS pol-
ymers. The CR, from truck tires, has a grain size of 
300 to 600 µm. 

The aggregate gradation of both WMAs included 
virgin basaltic aggregate which was proportioned to 
obtain a gap-graded structure ensuring an air voids 
content higher than 15% as well as a certain tire/road 
noise reduction. Additionally, 0.3% cellulose fibers 
(by aggregate weight) were added to prevent bitu-
men draindown, and 0.45% WMA chemical additive 
(by bitumen weight) was used for guaranteeing suit-
able mixing at a production temperature of 130 °C. 
Both WMA-CR mixtures were produced at a batch 
plant near the jobsite to avoid long hauling time.   

2.2 Trial section 
To evaluate the workability, the mechanical perfor-
mance and the surface properties of the rubberized 
WMA mixtures, a trial section was built at the 
movement area of Calenzano tollbooth on the Italian 
A1 motorway. The test section (100-meter long and 
10-meter-wide) consisted in laying the two warm 
semi-porous mixtures with CR at 120 °C, in contig-
uous lanes. The construction operations included 
milling the existing pavement to a depth of 4 cm, 
cleaning the milled surface and applying a tack coat.  

During resurfacing activities, the loose asphalt 
mixtures were taken from trucks for laboratory anal-
ysis. Two weeks after paving, cores (100 mm and 
225 mm diameter) and slabs (500×500 mm2) were 
taken from both trial section lanes and subjected to 
innovative tests for the evaluation of surface proper-
ties. 

2.3 Methods & experimental program 

According to the Italian motorway technical specifi-
cations, the loose mixtures were used to produce 
100 mm-diameter specimens through a gyratory 
compactor (50 revolutions) or a Marshall equipment 
(50 blows on each side), depending on the test to be 
performed. The compaction temperature was kept 
constantly at 120 °C for all compaction methods. 

The workability of the mixtures at 85% of the the-
oretical maximum density was assessed by calculat-
ing the Compaction Energy Index (CEI) from the 
gyratory compactor data, (Mahmoud & Bahia 2004). 
Strength properties were evaluated on gyratory spec-
imens through Indirect Tensile Strength (ITS) test at 
25 °C (EN 12697-23), while raveling resistance was 
assessed on Marshall specimens through Cantabro 
Test at 25 °C (EN 12697-17). Mechanical character-
ization was performed on both dry-conditioned (at 
25 °C for 72 hours in a climatic chamber) and wet-
conditioned specimens (at 40 °C for 72 hours in a 
water bath, followed by 3 hours at 25 °C in a climat-
ic chamber, as per EN 12697-12) to evaluate the wa-

ter sensitivity of the mixtures through the Indirect 
Tensile Strength Ratio (ITSR). 
 Surface properties were studied on the extracted 
slabs through innovative testing equipment, the 
Darmstadt Scuffing Device (DSD) (De Visscher & 
Vanelstraete 2016) and the Wehner-Schulze (WS) 
machine Canestrari et al. 2024). The DSD, in ac-
cordance with CEN/TS 12697-50, simulates raveling 
caused by shear and normal stresses of a tire on an 
asphalt specimen. Tests were conducted at 40 °C on 
both dry (72 hours in a climatic chamber at 40 °C) 
and wet (72 hours in a water bath plus 3 hours in a 
climatic chamber at 40 °C) conditioned slabs, recti-
fied at 260×260 mm2. Raveling resistance was eval-
uated by calculating the Mass Loss per Area 
(MLpA) parameter after 30 double thrust cycles. 

The WS machine is equipped with specific units 
to first simulate the polishing effects due to the traf-
fic loading and then measure the corresponding fric-
tion offered by the specimen surface which was 
properly wetted. The output data allows the calcula-
tion of friction after polishing (FAP) at various in-
tervals of polishing passes on 225 mm-diameter 
cores (EN 12697-49), conditioned at 20 °C. The 
FAP60 of each core is determined as the friction 
value at 60 km/h, derived from the characteristic 6th 
order polynomial of the fitted curve. 

The overall experimental program, carried out on 
the two rubberized semi-porous warm asphalt mix-
tures (M1.5_plant and M2.0_plant), is summarized 
in Table1. Moreover, the testing results obtained in 
this trial section were compared with those of the 
preliminary laboratory characterization, detailed in 
D’Angelo et al. 2024 coded as M1.5_lab and 
M2.0_lab. 

 
Table 1. Number of specimens tested. ______________________________________________ 
Mixture     CEI ITT* Cantabro* DSD* WS  ______________________________________________ 
M1.5_plant   10  5+5 5+5   2+2  2 
M2.0_plant   10  5+5 5+5   2+2  2 ______________________________________________ 
*  Dry + wet conditioned specimens. 

3 RESULTS AND DISCUSSION 

3.1 Workability and mechanical performance 
Figure 1 shows that the volumetric characteristics 
(air void AV content) and CEI values of the two 
plant-produced mixtures are very similar, with min-
imal deviation. Thus, the different percentages of 
CR do not affect the workability and the AV of the 
plant-produced mixtures, while meeting the tech-
nical specification limit (AV@50girations≥15%). 
Compared with the lab-produced mixtures, the plant-
produced mixtures show a slightly penalized apti-
tude for compaction (higher CEI values), resulting in 
higher AV content. 

 
 



 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 1. Workability (CEI) and volumetric characteristics 
(AV) of plant- and lab-produced mixtures, and Italian Motor-
way Technical Specification limit. 

Figure 2 indicates that the increase in the CR content 
in both plant- and lab-produced mixtures results in 
lower average ITS values. The lower ITS of the 
plant-produced mixtures as compared with laborato-
ry mixtures can probably be attributed to the higher 
AV content (Figure 1). This means that the CR ef-
fect, combined with the volumetric structure of the 
specimen, results in a penalized resistance of the 
plant-produced mixtures with respect to the tech-
nical specification requirements. 
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Figure 2. ITS and ITSR values of plant- and lab-produced mix-
tures, and Italian Motorway Technical Specification limit. 

As regards the ITSR values, Figure 2 shows ac-
ceptable water susceptibility of plant-produced mix-
tures, which substantially meet the Technical Speci-
fication limit. The comparison between dry and wet 
conditions shows that plant mixtures have reduced 
water resistance compared to lab data, likely due to 
higher AV content (Figure 1) which promotes the 
water action. 

Figure 3 shows Cantabro test results in terms of 
Particle Loss (PL), whose lower values result in 
higher raveling resistance. 
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Figure 3. Raveling resistance in terms of PL and AV of plant- 
and lab-produced mixtures, and Italian Motorway Technical 
Specification limit. 

Figure 3 indicates that for both plant- and lab-
produced mixtures, the PL value increases with the 
AV and the CR content increase, in both dry and wet 
condition. Moreover, the plant-produced mixtures 
show better resistance to raveling than the lab ones 
and fully meet the Italian Motorway Technical Spec-
ification limit (PL dry ≤ 20%) especially for the 
M1.5_plant mixture. 

3.2 Surface properties 
The raveling resistance of the warm rubberized mix-
tures was also investigated with the DSD test and 
expressed as Mass Loss per Area (MLpA), whose 
lower values result in higher raveling resistance. 
Figure 4 shows that the higher the CR amount, the 
higher the MLpA value, consistently with Cantabro 
test results (Figure 3) in both dry and wet condition. 
Moreover, the mixtures with lower CR amount seem 
to be less sensitive to water effect with improved 
raveling resistance for wet with respect to dry condi-
tion. Similarly to other test findings, the higher aver-
age AV content characterizing the cores from the 
trial section as compared to the lab ones results in a 
lower raveling resistance of the plant-produced mix-
tures.  

The WS tests on dry-conditioned cores allowed 
the pavement friction, expressed as μFAP60, to be 
measured for the studied mixtures. Figure 5 shows 
the average μFAP60 at 20 °C versus the number of 
polishing cycles, for both plant mixtures and for a 
reference hot mix (HP_ref) without CR, currently 
used on Italian motorway network, reported for 
comparison purpose. The results indicate that both 
plant-produced mixtures provide comparable friction 
values throughout all polishing cycles, with no sig-
nificant differences. This suggests that increasing the 
CR content from 1.5% to 2.0% does not negatively 
affect pavement friction. 
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Figure 4. Raveling resistance in terms of MLpA and AV of 
plant- and lab-produced mixtures. 

Figure 5. Friction in terms of μFAP of plant-produced mixtures 
and current hot mix without CR. 

Furthermore, the results show that the warm rubber-
ized mixtures (M1.5_plant and M2.0_plant) guaran-
tee better μFAP values even after extensive polish-
ing action than the HP_ref mixture, currently used 
on Italian motorways. These findings suggest that 
large-scale production and lay-down operation of 
asphalt porous mixture with CR and WMA technol-
ogy do not compromise the friction level of semi-
porous wearing course of road pavement. 

4 CONCLUSIONS 

Based on the experimental results, the following 
conclusions can be drawn: 
- large-scale production of rubberized warm semi-
porous asphalt mixtures is technically feasible with-
out specific precaution in both plant and lay-down
activities and it can guarantee satisfying workability
and volumetric characteristics;
- however, failure to meet the Technical Specifica-
tions requirements in terms of ITS, suggests caution
in the use of warm mixtures with crumb rubber on
the Italian motorway network, especially for the 2%
CR mixture which is strongly discouraged;
- differently, the warm mixture with 1.5% CR,
showed encouraging ravelling performance, such
that a comprehensive evaluation on its technical
suitability in different real-world operating environ-
ments would validate its use for routine maintenance
activities on the Italian motorway network.
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Production of recycled plastic modified bitumen- Effect of base bitumen 
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ABSTRACT: In this study, two different viscosity grade base bitumen (VG10 and VG30) and 3 dosages (2%, 
3%, and 4%) of recycled low-density polyethylene (RLDPE) were selected for the preparation of the recycled 
plastic modified bitumen (RPMB). All modified bitumen were evaluated for physical, morphological, and 
rheological properties. Results state that the softening point of RPMB increases by 8 C-18 C depending on 
the dosage and type of base bitumen. The dispersion of RLDPE, measured by mean particle size, remains 
unaffected by the dosage of waste plastic and the type of base bitumen. However, the storage stability of 
RPMB is primarily governed by the density difference between the base bitumen and RLDPE, and is not 
influenced by the type of base bitumen. 

1 INTRODUCTION 
The pavement industry is advancing to meet the 
demand for durable, high-performance roads by 
improving the quality of bitumen and asphalt 
mixtures. Enhancing bitumen properties with 
polymers has become a preferred method globally. 
Elastomers and thermoplastics are the most 
common polymer types used for bitumen 
modification. Among these, use of recycled 
plastics is gaining popularity in the recent years. 
Utilizing recycled plastics not only improves the 
quality of the pavement but also promotes the 
environmental sustainability (Kumar et al. 2023).  
Incorporation of recycled plastic (RP) in base 
bitumen can be carried out through dry and wet 
processes. Wet method of bitumen modification is 
more popular due to its ability to achieve a more 
uniform dispersion of polymers within the bitumen 
(Yin et al. 2020). 
Literature review indicates that a wide range (0.3-
12% by weight of base bitumen) of RP have been 
used for wet modification of bitumen. The 
blending is done at temperatures between 150°C 
and 180°C, using a high-shear mixer that operates 
at 200–20,000 rpm for 5–3600 minutes. For 
effective modification, the RP's melting point 
should preferably be lower than the modified 
bitumen's production temperature (Rafiq et al. 
2021). 
Numerous studies have found that modifying the 
base bitumen with RP significantly enhances the 
physical, rheological, and mechanical properties of 
the modified bitumen (Kumar et al. 2023). Low-

density polyethylene (LDPE) is one of the 
preferred choices to modify the base bitumen 
(Rafiq et al. 2021; Wahhab et al. 2017). However 
limited research has focused on the influence of 
various base bitumen types on the preparation of 
recycled plastic modified bitumen (RPMB) using 
RP. The dispersion properties of the RPMB are 
largely influenced by the compatibility between the 
RP and base bitumen matrix. The selection of base 
bitumen grade is critical, as it can affect the overall 
quality and functionality of RPMB. As a result, the 
blend's homogeneity and performance under 
different circumstances may change. 
Understanding these interactions are essential for 
optimizing the formulation and performance of 
RPMB. The purpose of this research is to evaluate 
the effect of grade of base bitumen on the 
morphological, rheological, and physical 
characteristics of RPMB. Variations in the 
viscosity of the base bitumen could influence the 
degree of interaction with RP. Morphological 
analysis will help to evaluate the dispersion and 
distribution of RP within the base bitumen. 
Rheological testing will provide insights into the 
flow behaviour and temperature susceptibility of 
the RPMB.  

2 EXPERIMENTAL 

2.1 Materials 

In this study, two different viscosity grade (VG) 
bitumen, viz. VG10 and VG30, were selected as 
base bitumen. Their properties were evaluated in 



accordance to IS 73:2013 (BIS 2013). Recycled 
low-density polyethylene (RLDPE) was used with 
three different dosages (2%, 3%, and 4%; by the 
weight of bitumen) for the preparation of RPMB. 
The blending operation was carried out using a 
high shear mixer at 1000 rpm for 60 minutes at 170 
±5 °C (Rafiq et al. 2021).  

2.2 Experimental protocols 

2.2.1 Physical property 
To study the phase change properties of the base 
bitumen after modifying with RLDPE, softening 
point test was conducted as per ASTM 
D36/D36M−14 (ASTM 2008). 

2.2.2 Fluorescence microscopy (FM) 
The dispersion characteristics of RPMB was 
studied using fluorescence microscopy. Drop 
method (Deb et al. 2025) was used to prepare 
sample glass slides, and fluorescence images were 
analysed at 10x magnification level. 

2.2.3 Storage stability test 

The phase separation behaviour of modified 
bitumen under high-temperature storage is critical 
for road construction applications. In this test, 
samples were conditioned in aluminium tubes 
(25.4 mm diameter, 136.7 mm length) at 163±5°C 
for 48±4 hours, followed by freezing at 6.7±5°C 
for 4 hours to solidify the material and limit 
dynamic movement (BIS 15462 : 2019 2019). The 
tube was divided into three portions after 
solidification, and samples from the top and 
bottom sections were examined using a standard 
DSR at 10°C intervals between 40°C and 70°C 
(0.1% strain, 10 rad/sec frequency). The separation 
ratio index (SR) was computed using the complex 
shear modulus (G*) values. To ensure phase 
stability the value of SR should be between 0.8 to 
1.2. (Wahhab et al. 2017). 

3 RESULTS AND DISCUSSION 

3.1 Softening point analysis 
The base bitumen modification with different 
dosages of RLDPE resulted in 16–40% average 
increase in the softening point of RPMB. This 
increase in the softening point was attributed to the 
viscosity of different grades of base bitumen which 
influence the softening point of RPMB relative to 
base bitumen. The increase in softening point of 
VG10 ranged between 11.2 °C to 17.8 °C, while 
for VG30 it was between 8 °C to 14 °C. This 

difference in the increase may be attributed to the 
variation of interaction between the RLDPE and 
the bitumen matrix. 

Figure 1: Softening point results of the modified bitumen 

3.2 Mean particle size (MPS) analysis 
The size of the dispersion RLDPE within the base 
bitumen was quantified by analysing the mean 
particle sizes of the dispersed polymers. The 
evaluation of the MPS was carried out by using 
java based software ‘ImageJ’ developed by US 
National Institutes of Health (NIH) (Schneider et 
al. 2012). The conversion of the RGB images to 
binary images calculated the MPS of the polymers 
in the modified bitumen, as shown in Figure 2. 

Figure 2: FM image processing by ImageJ 



Figure 3 presents the MPS measurements for 
varying dosages of RLDPE used as a modifier for 
VG10 and VG30 base bitumen. The results 
indicate that the MPS of the polymers is 
independent of the dosage of waste plastic added to 
the base bitumen. Although slight variations in 
MPS are observed between the two base bitumen 
types; these differences are likely attributable to 
adjustments in the threshold limits applied during 
image processing by the ImageJ software (Hao and 
Wang 2021). 

Figure 3: MPS of modified bitumen at different dosages 

A statistical analysis (Table 1) was conducted to 
evaluate the influence of base bitumen type and 
waste plastic dosage on the dispersion 
characteristics of RLDPE modified bitumen, using 
softening point and fluorescence microscopy 
results. Analysis of variation (ANOVA) was 
performed at 95% (p-value>0.05) confidence level 
to determine the significance of these factors on 
the dispersion behaviour. 

Table 1: ANOVA results 

Parameter Variable p-value Level of 
significance 

∆SP Type of base bitumen 0.245 No 
MPS Dosage of RLDPE 0.963 No 

Based on Table 1, the p-values of the analyzed 
variables exceed 0.05, indicating that the type of 
base bitumen and the dosage of RLDPE are 
independent factors in the modification of base 
bitumen using recycled waste plastics. 

3.3 Phase separation characteristics 
The results of the separation index (SR) are 
represented in Figure 4 and 5. At lower 
temperatures (40°C), the binder remains stiff, 

minimizing its flow and resulting in stable SR 
values for both top and bottom specimens. As the 
temperature increases (>50°C), the binder's 
flowability rises, amplifying the impact of polymer 
content. The SR value of the modified bitumen in 
the top of the separation tube were higher than the 
values obtained for the lower part. This is in 
agreement to the results obtained by Wahhab et al. 
(Wahhab et al. 2017). This phenomenon was found 
almost identical for both RLDPE modified VG10 
and VG30 bitumen. It was found that at 2-3% 
RLDPE dosage, the SR values of the modified 
bitumen remain within the recommended limit 
(0.8-1.2) for all the test temperatures. At 4% 
dosage, phase separation was observed in the 
modified bitumen (both VG10 and VG30). This 
suggests that the choice of base bitumen does not 
significantly influence the storage stability of the 
RLDPE-modified bitumen. 

Figure 4: SR results for the RLDPE-VG10 modified bitumen 

Figure 5: SR results for the RLDPE-VG30 modified bitumen 



4 CONCLUSION 
In this study, two different grades of base bitumen 
were used to understand the dispersion 
characteristics of RPMB. Based on the results and 
analysis, following conclusions were drawn: 
• Inclusion of RLPDE leads to varying degree

of increase in softening point of the base
bitumen. With VG10 as the base bitumen, the
increase in SP ranged between 11.2 °C to 17.8
°C, while for VG30 it was between 8 °C to 14
°C.

• The dispersion of RLDPE polymers into the
base bitumen, quantified by mean particle
size, was found independent of both the
dosage of waste plastic and the type of base
bitumen.

• The storage stability of PMB is primarily
influenced by the density difference between
the base bitumen and RLDPE. The influence
of the type of base bitumen was not evident.
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1 INTRODUCTION 

The asphalt pavements constitute a major part of 
global road network. The petroleum-based bitumen, 
used as a binder in the asphalt mixtures, has a rela-
tively high environmental impact and carbon foot-
print. Accordingly, the use of bio-based binders in as-
phalt mixtures, manufactured from renewable 
resources such as plant-based biomass, is a promising 
solution for green transition of road construction in-
dustry (He et al., 2023). While a number of promising 
results have been obtained in this field so far, certain 
fundamental aspects of material behavior of bio-ex-
tended bituminous binders and asphalt mixtures are 
still not fully understood. In particular, the dynamic 
mechanical performance is of profound importance as 
bio-based binders have different chemical composi-
tions compared to bitumen and they may affect mix-
ture durability and performance in a different way as 
compared to bitumen. This paper aims to contribute 
to this important topic by evaluating a spherical in-
dentation test as tool to characterize the properties of 
asphalt mixture containing bio-binder with measure-
ments performed on the asphalt mixture without ex-
tracting the binder. 

Spherical indentation test for characterization of 
asphalt mixtures has recently been proposed by Fadil 
et al. (2021, 2022). The test allows to determine the 
shear relaxation function G(t) from the measured in-
dentation force P(t) and depth h(t) at arbitrary non-

decreasing load history. Indentation measurements 
allow capturing local mechanical properties of the 
specimen, as they are primarily influenced by the ma-
terial properties in the direct vicinity of the indenter-
specimen contact point. The spherical indentation test 
is thus a promising tool for monitoring changes in the 
binder phase of the material, from measurements per-
formed on asphalt mixtures, as shown by Fadil et al. 
(2021, 2022) for the conventional mastic asphalts and 
asphalt concrete mixtures. The indentation test ap-
plicability to bio-asphalt, however, has not been eval-
uated yet.  

2 EXPERIMENTAL STUDY 
2.1 Materials 
Two bituminous binders of penetration grade 160/220 
were used to prepare dense graded asphalt mixtures: 
typical Swedish base course mixtures AG16. The mix 
design procedure was the same and the basic charac-
teristics such as aggregate gradation and volumetric 
parameters of mixtures were kept as close as possible 
between the bio-extended variant (BIO) and reference 
counterpart (REF). The binder content was 4.5% for 
both mixtures, and the target air void was 4.2%. 

Characterization of asphalt mixture containing bio-extended bituminous
binder with spherical indentation test 

H. Fadil & D. Jelagin
Department of Civil and Architectural Engineering, KTH Royal Institute of Technology, Stockholm, Sweden 

J. Zhu & A. Ahmed
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ABSTRACT: Replacing petroleum-based bitumen with alternative bio-based binders in asphalt mixtures is a 
promising solution for green transition of road construction industry. The mechanical performance of bio-ex-
tended bituminous binders and asphalt mixtures is not yet fully understood, in particular with respect to dynamic 
mechanical behavior due to traffic and environmental exposures. As bio-binders differ in their chemical com-
positions, their physical properties and mechanical behavior may vary and differ significantly from bitumen-
based materials. This paper aims to contribute to this important topic by evaluating a spherical indentation test 
as a quasi-nondestructive tool for viscoelastic characterization of the asphalt mixture containing bio-extended 
bituminous binder. Asphalt indentation tests are more sensitive to the binder phase properties as compared to 
standard macro-scale asphalt tests and may thus be a potentially useful tool for monitoring binder properties 
from the measurements performed on asphalt mixtures without extracting the binder. 



Table 1.  Binder properties. 

Binder Penetration @25˚C 
[1/10 mm] 

Softening point 
[˚C] 

REF 196 38.8 
BIO 193 40.4 

 

2.2 Rheological characterization 
The binder samples were subjected to laboratory age-
ing protocols, with the Rolling Thin Film Oven Test 
(RTFOT) according to EN 12607-1:2024 to simulate 
the short-term ageing. The dynamic shear moduli, G* 
of the binders were measured with the Dynamic Shear 
Rheometer (DSR), according to EN 14770:2023. For 
the compacted asphalt mixture specimens, their dy-
namic moduli, E*, were measured according to EN 
12697-26:2018+A1:2022 (Annex F cyclic indirect 
tensile test). 

2.3 Spherical indentation tests 
A schematic of the indentation test setup is shown in 
Figure 1, along with the main test parameters. The 
photo of the test setup used is shown in Figure 2. In 
the test, a spherical indenter is pushed into the speci-
men with a specific indentation depth history, h(t), re-
sulting in a reaction force, P(t). Both P(t) and h(t) are 
measured as a function of time for the duration of the 
test. 

The viscoelastic solution for the spherical contact 
problem, derived by Fadil et al. (2018) is shown in 
Equation (1):  

𝑃(𝑡) =
8

3(1−𝜈𝑜)
√𝑅∫ 𝐺(𝑡 − 𝜏) ×

𝑑ℎ
3
2(𝜏)

𝑑𝜏
𝑑𝜏

𝑡

0

   (1) 

 
Figure 1. A schematic showing the parameters of the indentation 
test. 

 
Figure 2. Photo of the indentation test setup.  

where R is the radius of the indenter (Figure 1), while 
τ is a dummy integration variable. The validity of 
Equation (1) is constrained to arbitrary non-decreas-
ing loading. By giving G(t) the form of a Prony series 
as Equation (2), Equation (1) is solved numerically 
for G(t) using linear programming. 

𝐺(𝑡) = 𝐺∞ + ∑ 𝐺𝑖 ∙ 𝑒
−𝑡/𝜏𝑖𝑁

𝑖=1          (2) 
where N is the number of branches in the Prony 

series,  G∞ is the equilibrium shear modulus, τi is the 
relaxation time for branch i and Gi is the shear relax-
ation strength for branch i. 

As presented in detail in Fadil et al. (2021, 2022), 
the G(t) measured with spherical indentation test is 
representative for viscoelastic properties of material 
in the immediate vicinity of the indenter-specimen 
contact point. The size scale of the region character-
ized in the test is proportional to the size of the contact 
area, a. As shown in Fadil et al. (2022) for the case of 
standard asphalt, performing the tests in grid pattern 
on the specimen surface, results in wide range of 
measured G(t). This is expected, due to varying dis-
tribution of asphalt mixture components in the vicin-
ity of the indentation point, resulting in some meas-
urements being dominated by the mastic phase 
properties, while others are dominated by the aggre-
gates. Accordingly, a statistical method was proposed 
by Fadil et al. (2022) to separate the test measure-
ments into two clusters: mastic-dominated and aggre-
gate-dominated. The average of G(t) measurements 
was found to correlate linearly to the asphalt shear re-
laxation modulus measured with the conventional 
tests. At the same time, the mastic-dominated results 
were found to capture the mastic properties.  

In this study, the spherical indentation test is ap-
plied to characterize REF and BIO asphalts. The tests 
were performed on laboratory-manufactured asphalt 
cores of 150 mm diameter. The surfaces were pre-
pared by cutting approximately 5 mm from each side 
and therefore the specimens had thicknesses of 37-40 
mm. Two specimens were used for each mixture. The 
test setup used a steel spherical indenter with a curva-
ture radius R = 15.875 mm. The test rig was an MTS 



810 servo-hydraulic load frame with a 10 kN load 
cell. The tests were performed in depth controlled 
mode, applying the maximum indentation depth, hmax 
= 0.3 mm in 0.1 s ramp, and keeping it constant for 
200 s. This corresponds to a maximum contact area 
radius of amax= 2.51 mm. The surfaces of each sample 
was divided into grid with 25 squares each with side 
edge size of 2 cm. One indentation test was performed 
close to the center of each grid square, resulting in 50 
tests per specimen in total. That ensures that the dis-
tance between each indentation is no less than 10×a. 
This is to avoid that the effect of indentation in one 
location interferes with the other measurements. The 
tests were performed at 0°C. 

3 RESULTS AND DISCUSSION 

The G*(ω) measured with the DSR for RTFOT-aged 
REF and BIO binders are presented in Figure 3. As 
seen the BIO binder is somewhat stiffer compared to 
the REF at reference temperature 0°C. The maximum 
G*(ω) difference between the materials is approxi-
mately 50% and it is diminishing with the frequency 
to about 30%. It should be pointed out, however, that 
the measured difference is comparable to the meas-
urement scatter seen in Figure 3. 

The dynamic moduli of AG16 REF and AG16 BIO 
asphalt mixtures at reference temperature 0°C are pre-
sented in Figure 4 along with their phase angles. It is 
observed that, within the frequency range where the 
binder phase dominates mixture behavior (intermedi-
ate to high frequencies), the somewhat stiffer binder 
in the case of AG16 BIO asphalt results in higher dy-
namic modulus for the mixture as well. In contrast to 
the results in Figure 3, however, there is no clear trend 
in stiffness differences with respect to frequency, 
which is likely due to the impact of the aggregate 
phase. The maximum difference in dynamic moduli 
of the two asphalts reaches approximately 20%. It 
must be pointed out that, as reported by Zhu et al. 
(2024), the REF and BIO binders are basically iden-
tical in terms of their penetration grade. The differ-
ence observed in Figures 3 and 4 are thus attributed 
to the different dynamic mechanical performance of 
the two materials. This illustrates importance of con-
trolling dynamic mechanical properties of asphalt 
materials due to traffic and environmental exposures. 

Figure 3. Complex moduli of RTFOT-aged binders, Tref = 0°C. 

Figure 4. Complex moduli of AG16 BIO and REF mixtures, 
Tref = 0°C. 

The interconversion method proposed by Park & 
Schapery (1999) is used to convert the G(t) measured 
on asphalt mixtures with the spherical indentation 
tests to G*(ω) to facilitate comparison with the results 
presented in Figures 3 and 4.  In Figure 5 the average 
mixture G*(ω) obtained from the indentation test 
measurements are presented along with their 95% 
confidence intervals. As may be seen, the average 
G*(ω) obtained from the indentation are significantly 
smaller as compared to the E* values presented in Fig-
ure 4. For instance, for ω = 1, the indentation meas-
urements result in G*(ω) = 0.8 and 1.1 GPa for the 
REF and BIO asphalts correspondingly. This may be 
compared to the respective E* values of 6.0 and 8.0 
GPa, presented in Figure 4. Even after considering the 
Poisson’s ratio (approximately 0.5 at low tempera-
tures and high frequencies), the shear modulus ob-
tained from indentation test is still relatively low. 
Similar observation has previously been reported by 
Fadil et al. (2022) for the tests performed on the con-
ventional asphalt concrete. This discrepancy is at-
tributed to the localized nature of the indentation test, 
which possibly leads to not capturing fully the effect 
of the aggregate skeleton on the asphalt mixture prop-
erties. At the same time, both in Figures 4 and 5 the 
BIO asphalt is approximately 30% stiffer as com-
pared to the REF one, which indicates that indentation 
tests capture the relative differences in the materials 
and their ranking correctly. 



 
Figure 5. Average mixture G*(ω) measured with indentation 
test on AG16 REF and BIO, T = 0°C. 

Focusing on mastic-dominated measurements im-
proves the indentation test sensitivity to the binder 
phase properties further, as illustrated in Figure 6 
where average G*(ω) obtained from the mastic-dom-
inated measurements are presented together with the 
95% confidence boundaries. G*(ω) values in Figure 6 
are both lower in magnitude and are accompanied by 
significantly less scatter as compared to the results 
presented in Figure 5. In Figure 6, the difference in 
G*(ω) between REF and BIO measurements is within 
similar range as the DSR results presented in Figure 
3, i.e. 40-100%. Accordingly, the results obtained in 
this study demonstrate feasibility of using indentation 
test for monitoring evolution of the bio-extended bi-
tuminous binders from the measurements performed 
on asphalt specimens. 

 
Figure 6. Average mastic-dominated G*(ω) measured with in-
dentation test on AG16 REF and BIO, T = 0°C. 
 
 
 
 
 
 

4 CONCLUSIONS 

Spherical indentation testing has been evaluated in 
this study as an alternative method for measuring the 
viscoelastic properties of asphalt mixture with bio-
based binder. The increase in the modulus of asphalt 
mixture resulting from the incorporation of bio-oil, as 
measured through indentation tests under the speci-
fied conditions, showed good agreement with results 
from the conventional asphalt testing method. Apply-
ing a statistical analysis procedure to identify mastic-
dominated indentation measurements further en-
hanced the test’s sensitivity to binder properties and 
significantly reduced measurement variability. The 
experimental results suggest that the indentation test 
is a viable alternative for the viscoelastic characteri-
zation of bio-asphalts and their binders. Moreover, 
this method shows great potential for further develop-
ment to enable in situ monitoring of changes in the 
viscoelastic properties of the binder phase due to en-
vironmental exposures. 
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1 INTRODUCTION 

The bituminous mixture is produced by mixing bitu-
men with aggregate particles. The bitumen and aggre-
gate particles are heated to obtain a mixture in which 
the aggregates are entirely coated with the binder. The 
rheological properties of bitumen in the mixing and 
compaction temperature regime play a critical role in 
achieving a consistent mixture.  

The interaction between the aggregate and bitu-
men, along with an understanding of friction reduc-
tion, obtain a workable mixture. The viscosity of the 
binder and the friction between the aggregates and the 
binder influence it to a large extent. At high tempera-
tures, the binder behaves like a Newtonian fluid, but 
as compaction progresses and as the temperature re-
duces, the material's response becomes non-Newto-
nian. In this temperature range, while viscosity plays 
a critical role in providing lubrication, it is unclear 
whether the viscosity of the binder has a direct one-
to-one relationship with interfacial friction. 

Researchers have recently investigated the lubri-
cating behavior of bituminous binders to determine 
the reduction in friction and improvement in worka-
bility of bituminous material (Hanz et al., 2010; Hanz 
and Bahia, 2013; Ingrassia et al., 2018). Mannan and 
Tarefder (2018) underlined the importance of interfa-
cial properties at the binder-aggregate interface. 
Comparable studies have been conducted for a wide 
variety of materials such as foamed bitumen (Bairgi 
et al., 2019a, 2019b), WMA additives (Baumgardner 
et al., 2012), polymer modified binder (Emami and 
Khalegian, 2019).  

Demarcation of the various stages of friction de-
velopment is depicted using the Stribeck curve. In an 
ideal scenario, four stages are seen: boundary regime, 
mixed regime, elasto-hydrodynamic regime, and hy-
drodynamic regime (Bhushan, 2013). Figure 1 shows 

the classical Stribeck curve with all four regimes gen-
erated under specific testing conditions in this study, 
and the details are described in Section 3.  

During the reduced sliding velocity, the boundary 
regime (a) showcases maximum friction, primarily at-
tributed to the interaction between surface asperities. 
Transitioning to the mixed regime (b), a portion of the 
surface becomes coated with lubricant while other ar-
eas maintain contact, initiating the lubricant's effects, 
which reduces the coefficient of friction. In the elasto-
hydrodynamic lubrication (EHL) regime (c), the lub-
ricant forms a thin film between surfaces, resulting in 
minimal friction. Finally, in the hydrodynamic re-
gime (d), friction escalates with sliding speed due to 
viscous drag (Bhushan, 2013). 

Figure 1. Stribeck curve: Coefficient of friction as a function of 
sliding speed. 

Researchers working with binders (Hanz and Ba-
hia, 2013) use the four-ball testing geometry as per 
ASTM: D5183 (2021) and the ball-on-three-plate ge-
ometry (Baumgardner and Reinke, 2012; Mannan and 
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ABSTRACT: Bitumen and aggregates are blended to produce the bituminous mixture at a specific mixing 
temperature. During the mixing stage, the binder coats the aggregate particles. The efficiency of the coating is 
influenced by the interfacial friction at the aggregate-binder interface. During the compaction process, the tem-
perature reduces, leading to an increase in viscosity. Such an increase in viscosity also influences the ease with 
which the mixture can be compacted, and this is again influenced by the friction between the binder-coated 
aggregate particles. Quantifying the extent of friction, usually characterized by the Stribeck curve, can provide 
a significant understanding of the compaction mechanics. This study investigates the tribological properties of 
unmodified binders, focusing on their lubrication characteristics under specific temperatures and normal forces. 
The study focuses on two typical temperatures, 80 ᵒC, and 160 ᵒC, and two normal forces, such as 3N and 10N, 
with varying sliding speeds. The Stribeck curves are generated, and the influence of the testing parameters on 
the generation of the Stribeck curve is discussed in detail.  



Tarefder, 2018), connected with a Dynamic Shear 
Rheometer (DSR). 

In bitumen tribology studies, most researchers 
have followed a normal force of 5N and 10N (Baum-
gardner and Reinke, 2012; Mannan and Tarefder, 
2018). For silicone oil, it can be 1N (Zhang et al., 
2020), and for tribology, testing of different polymers 
such as polytetrafluoroethylene and polyethylene, a 
normal force of 1-100N is applied (Myshkin and Ko-
valev, 2018). The tribological characteristics of bitu-
men have been tested at various temperatures, rang-
ing from 25 °C to a maximum of 160 °C (Bairgi et al., 
2019). Mannan and Tarefder (2018), using ball-on-
three-plate geometry, discussed the frictional charac-
teristics of three grades of PG binders at temperatures 
of 25, 50, and 135 °C. Studying viscosity and the 
Stribeck curve to see the change in the characteristics 
of lubrication is crucial for investigating the tribolog-
ical properties of a material as the studies show that 
(Hanz et al., 2010) the increase in viscosity reduces 
the material's ability to coat the surface.  

The coefficient of friction measured is not a single 
constant value; rather, it's a function of sliding speed. 
The range of sliding velocities at which each material 
exhibits a four-stage Stribeck curve varies depending 
on the material and the lubricant used. For SAE30 
lubricant oil used in journal bearings (Lu and Khon-
sari, 2007), sliding velocities ranging from 1 to 1000 
rpm yield a four-stage Stribeck curve. In the case of 
bitumen, sliding speeds ranging from 0.0001 to 1000 
rpm produce a complete Stribeck curve (Ingrassia et 
al., 2018; Bairgi et al., 2019).  

From the above discussion, it is understood that 
the lubrication characteristics demonstrated through 
the Stribeck curve analysis are influenced by various 
factors such as temperature and normal force. The 
main objective of the study is to investigate the tribo-
logical properties of bituminous binders under vari-
ous temperatures and normal forces. Additionally, the 
research aims to understand how the viscosity of 
binder influences its lubrication properties, which are 
applicable to the bituminous binder during the pro-
duction process of bituminous mixtures.  

2 EXPERIMENTAL INVESTIGATION 

An unmodified binder, viscosity grade 30 (VG30) as 
per Indian Standards (IS 73, 2018) was used for this 
study. The materials were tested at 80 and 160 °C 
with normal forces of 3N and 10N. Viscosity data 
were collected by conducting shear rate sweep tests 
on unaged conditions at testing temperatures using 
Anton Paar DSR 302. The tribology experiments used 
a ball-on-three plate geometry (Figure 2) attached to 
the Anton Paar DSR 702. After fixing all the plates in 
the holder, a sample of around 1.5 gms is filled in the 
sample holder. 

 

 
 

 
 
 

 
Figure 2. Three plate geometry sample holders. 

 
A ball with radius R (6.35 mm) is placed on three 
plates in this experimental set-up and subjected to 
normal force. The sliding speed used in the study was 
varied from 0.0001 mm/s to 1000 mm/s on a logarith-
mic scale. The trial was repeated five times for repeat-
ability. Based on the applied normal force and result-
ing friction force, the coefficient of friction was 
computed at the interface between the ball and the 
plate using geometric calculations (Ingrassia et al., 
2018). 

3 RESULTS AND DISCUSSION 

3.1 Binder Viscosity 
The variation of apparent viscosity as a function of 
shear rate is shown in Figure 3. The material exhibits 
only the first two regimes in the apparent viscosity 
curve. At 80 °C, the binder exhibits a shear-thinning 
behavior. At 160 °C, the material shows a shear thin-
ning at a lower rate, and hence, it is assumed to be a 
Newtonian fluid at this higher temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The apparent viscosity of unmodified binder at 80 and  
160 °C. 

3.2 Influence of temperature and normal force on 
Friction 

The variation in the coefficient of friction with in-
creasing sliding velocity indicates the transition be-
tween different lubrication regimes. The derivative 
curve of a Stribeck curve can identify the inflection 
points where the trend reverses. Figure 4 shows the 
Stribeck curve for VG30 tested at 80 °C with a 10N 
normal force, illustrating the transitions between dif-
ferent regimes, whereas Figure 1 shows the same data 



for a 3N normal force. The minimum coefficient of 
friction in the EHL regime provides maximum lubri-
cation to the system. The variations in the coefficient 
of friction values across two temperatures, such as 80 
and 160 °C, are shown in Figure 5. At higher temper-
atures, where the material exhibits Newtonian behav-
ior, the influence of normal force becomes negligible.   
 

 
 
 
 
 
 
 

 
 
 
 
Figure 4. Stribeck curve generated for VG30 binder at two tem-
peratures and two normal forces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Stribeck curve generated for VG30 binder at two tem-
peratures and two normal forces 
 

The Stribeck curve exhibits a clear and distinct pat-
tern with a decreased coefficient of friction in the 
EHL regime for 80 °C when tested at 3N and 10N. In 
the boundary regime, where asperity contact predom-
inates, a lower coefficient of friction results from the 
flattening of the surface's asperities under relative 
motion as the normal force increases from 3N to 10N. 
Additionally, the EHL regime shows the maximum 
effect of lubrication with a minimal coefficient of 
friction when tested at 10N normal force. The com-
plete Stribeck curve is obtained only when the mate-
rial is tested at 80 ᵒC with 3N and 10N normal forces.  
As the temperature increases, the coefficient of fric-
tion in the boundary regime also increases.  
At the higher temperature of 160°C for both the nor-
mal forces, such as 3N and 10N, only two regimes 
exist in the Stribeck curve: boundary and mixed re-
gime, with no EHL and hydrodynamic regime pre-
sent. It is also observed that the Stribeck curve shifts 
to the left as the temperature increases, indicating that 
the mixed regime persists for a longer duration and 

extends beyond the maximum limit of sliding veloc-
ity. The binder exhibits lower viscosity at higher tem-
peratures, transitioning to Newtonian behavior, 
which results in minimal viscous drag. This allows 
the material to continue reducing friction without ex-
hibiting an increased resistance. 

3.3 Influence of Viscosity on Friction 
It was observed that as the temperature increased 

from 80 to 160 °C, viscosity significantly reduced. 
All the stages of the Stribeck curve were observed 
during the tribological testing at 80 °C for both 3N 
and 10N normal forces, and the minimum coefficient 
of friction at the EHL regime could be determined. 
However, determining the minimum coefficient of 
friction in the EHL regime under high temperature 
was challenging, as the sliding velocity level ex-
ceeded the instrument capacity, and the curve contin-
ued in the mixed regime. In the present study, the 
EHL regime was not observed during the testing at 
160 °C for both 3N and 10N. The role of the viscosity 
related to the development of the Stribeck curves is 
yet to be demonstrated in a convincing manner for bi-
tuminous materials.  

 
The Stribeck curve can be used to relate the coeffi-
cient of friction with the Hersey number. It is a di-
mensionless number (Hersey, 1935), also known as 
the Stribeck parameter (Gallego et al., 2016). The 
Hersey number is used to describe the collective in-
fluence of lubricant viscosity (η), entrainment speed 
(U), and the contact load per unit of contact radius 
(F). Therefore, the Hersey number takes into account 
the influence of fluid viscosity and the contact load 
(provided the film thickness remains constant by 
change of load) and displays the influence of speed 
change on frictional forces. It is expressed by the 
equation (1).  
 

𝐻! =	
"#
$
	                                                                      (1) 

where Hn=Hersey number; η = dynamic viscosity of 
the lubricant (mPa.s); U= sliding velocity (mm/s); 
and F = normal force (N). 

Figure 6 shows the variation in the Stribeck curve 
plotted with Hersey's number for VG30 binder 3N 
normal force. By normalizing the effect of sliding ve-
locity, viscosity, and normal force into a single pa-
rameter, a generalized view of friction variation can 
be observed. It was observed that the VG30 binder at 
80 °C exhibited the EHL regime when the Hersey 
number ranged between 10⁴ and 10⁵, whereas at 160 
°C, the same binder showed only the mixed regime 
within the same range. This facilitates the comparison 
of the lubrication properties of materials with differ-
ent viscosities. 

. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. The variation of the coefficient of friction as a function 
of Hersey's number for VG30 binder at 3N normal force. 

4 CONCLUSION 

This study investigated the challenges of conducting 
tribological tests on bitumen binders, specifically fo-
cusing on generating a four-stage Stribeck curve with 
an emphasis on the EHL regime. The research found 
that increasing normal force smoothens surface asper-
ities, reducing the coefficient of friction in the bound-
ary regime. In the EHL regime, higher loads further 
decrease friction, thereby enhancing lubrication. 
Temperature also plays a crucial role; as the temper-
ature rises, the critical coefficient of friction de-
creases, and the Stribeck curve may show fewer 
stages at higher temperatures (e.g., only two stages at 
160 °C). At higher temperatures, the EHL regime 
diminishes, complicating the identification of the 
minimum friction point. The study underscores the 
importance of determining the optimal normal force 
and temperature to understand lubrication properties 
in bituminous binders. 
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1 INTRODUCTION 

Cement asphalt material (CAM) is a composite mate-
rial made with cement, asphalt emulsion, sand water, 
and other additives. Cement gives strength to the mix-
ture whereas bitumen provides it dissipative charac-
teristics. It is primarily used in ballastless track sys-
tems for high speed railway for damping load-
induced vibrations. Its properties are primarily regu-
lated by the proportion of asphalt to cement (A/C ra-
tio), water to cement ratio (W/C ratio), and sand to 
cement ratio (S/C ratio). The interaction between ce-
ment hydration and asphalt emulsion is crucial. As the 
cement hydrates, it creates an environment for faster 
breaking of asphalt emulsion, with asphalt droplets 
forming a film around cement grains. This slows but 
does not halt hydration, creating a plasticizing effect 
and enhancing the fresh mortar’s mechanical behav-
iour. The modulus of the mortar depends on the in-
terparticle bond strength and the shape and surface 
area of the C3S and hydrated particles like C-S-H 
(Nachbaura et al., 2001). The evolution of the internal 
structure of cement-asphalt mortar is studied by con-
ducting oscillatory tests and observing the evolution 
of viscoelastic properties like dynamic modulus 
(Baldino et al., 2014).  
 In addition to the main ingredients of the mortar, 
many additives are used, such as calcium sulfoalumi-
nate for early strength gain, defoamers to prevent the 
emulsion from causing foaming, superplasticizers for 
better flow characteristics, alumnium powder for aer-
ation, etc. Calcium sulfoaluminate is added for early 
strength gain. The effect of these additives on cement 
mortar has been investigated previously by many re-
searchers (Nagataki & Gomi., 1998; García-Maté et 
al., 2012; Telesca et al., 2014; Randal&Kenneth, 
2019; Yuan et al., 2020; Wang et al., 2020). But the 
effect of these additives on the evolution of internal 
structure in the mortar and the rheological character-
istics has received less attention. 

In this study, the fresh properties of cement-asphalt 
mortar with different additives are investigated and 
com-pared with that of a similar cement mortar. The 
additives considered for the investigation are calcium 
sulfoaluminate, a silcon-based defoamer, and alumin-
imum poweder. The evolution of the internal struc-
ture is investigated through time sweep tests. The rhe-
ological behavior is investigated through shear-rate 
sweep tests.  

2 MATERIALS 

An Ordinary Portland cement 53 grade as per IS 269, 
calcium sulfoaluminate admixture (CSA), a locally 
available sand with particles finer than 1.18mm, a cat-
ionic slow-setting asphalt emulsion (SS2) with a res-
idue content of 63%, water, an organic silicon-based 
defoamer (DF) and aluminium powder (AL) were 
used in the study. Initial tests were conducted on the 
cationic slow setting (SS2) emulsion as per IS 
8887:2018 and on the cement as per IS 12269:2013. 

Three systems were prepared for the analysis – a 
cement paste (CP) (W/C-0.5), a cement mortar (CM) 
(W/C-0.8, S/C-1.8), and a cement asphalt mortar 
(CAM) (W/C-0.8, A/C-0.8, S/C-1.8). Calcium sul-
foaluminate was added at a dosage of 9% of the total 
cementitious material, the defoamer (DF) at 0.25% of 
the emulsion, and aluminum powder (AL) at 0.01% 
of the total cementitious material.  
 
3 EXPERIMENTAL PROCEDURE 

Rheological studies were performed in a concentric 
cylinder geometry with profiled walls in a Dynamic 
Shear Rheometer (DSR 302). Tests were conducted 
at a constant temperature of 25°C immediately after 
mixing for 1 minute. 
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ABSTRACT: Cement Asphalt Mortar (CAM) is a composite organic-inorganic material, composed of cement, 
emulsified asphalt, river sand, and various admixtures. It is used in ballastless track systems of high-speed 
railways to damp vibrations. The rheology of the mortar in its fresh state is mainly characterized by the constit-
uents and their proportions. This study investigates the effect of different constituents such as asphalt emulsion, 
calcium sulfoaluminate, aluminium powder, and defoamer on the rheological properties and structural devel-
opment of CAM in its fresh state. Time sweep tests were conducted in a coaxial cylinder geometry in a dynamic 
shear rheometer to assess structure development. Shear rate sweep tests were conducted to obtain rheological 
properties. The results illustrate the critical impact of additives on the early strength, hydration rates, and rheo-
logical properties of CAM. 



Table 1.  Test matrix  
Systems Additives Tests 

Cement paste(CP) 
calcium sulfoaluminate ad-

mixture (CSA) Time sweep 

Cement mortar (CM) Aluminium (AL) 
Shear rate 

sweep 
Cement asphalt mor-

tar (CAM) 
Defomear (DF)  

   
Twelve different systems were used in this study - Ce-
ment paste (CP), Cement mortar (CM), Cement as-
phalt mortar (CAM), CP+CSA, CP+AL, CP+DF, 
CM+CSA, CM+AL, CM+DF, CAM+CSA, 
CAM+AL, CAM+DF, where CSA, AL, and DF, refer 
to calcium sulfoaluminate, defoamer, and aluminium 
powder, respectively. The time-sweep test is carried 
out for about 2 hours at a constant strain of 0.01% and 
a frequency of 1Hz. Data points were collected at 10s 
intervals. Shear rate sweep tests were performed after 
a pre-shear of 20 s-1. In this test, the shear rate is in-
creased from 20 to 120 s-1 in a step-wise manner and 
then decreased to 20 s-1. To ensure that a steady state 
is reached, each shear rate is applied for a duration of 
10 seconds (Jayasree et al, 2011). The shear is applied 
in two blocks and the down ramp of the second block 
is used for the computation of apparent viscosity. To 
ensure repeatability, a minimum of two trials were 
conducted for each system. 

4 RESULT AND DISCUSSIONS 

Structure development is investigated by analyzing 
the evolution of linear viscoelastic properties with 
time through time-sweep tests.  Figures 1 and 2 show 
the variation of the dynamic modulus of cement paste 
and cement mortar systems during the time-sweep 
tests. As expected, the viscoelastic properties of the 
fresh paste and mortar evolve with time in such a way 
that the dynamic modulus increases. The variation of 
phase angle with time during the time sweep test is 
shown in Figure 3 and Figure 4.  
 

 

Figure 1. Dynamic modulus of cement paste systems 
 

 

Figure 2. Dynamic modulus of cement mortar systems 
 

Figure 3. Phase angle variation of cement mortar systems 
 

Figure 4. Phase angle variation of cement mortar systems 

 
The phase angle is seen to decrease from a relatively 
large value to a value lower than 10∘. The point at 
which the phase angle crosses 45∘ is the point at 
which the elasticity of the material dominates over its 
dissipative characteristics. This appears to happen 
within the first few cycles for all the systems. 

Additionally, the cement paste and mortar with the 
calcium sulfoaluminate admixture appear to harden 
and form structures faster than those with other addi-
tives. All others have a similar trend in structural de-
velopment. The addition of aluminium or defoamer 
does not affect the strength gain or formation of struc-
tures (Figures 1 and 2).  

The increase in the dynamic modulus (|𝐺∗|) and the 
decrease in the phase angle (δ) can be attributed to the 
formation of interconnected particles and flocs by van 
der Waals forces, indicating a transition from a more 
liquid to a more structured state. These modulus in-
creases are characterized by the increase in contact 
points and interconnected points which facilitated the 
transmission of stresses with lower delay, enhancing 
the rigidity of the formed network.  



 

Figure 5. Dynamic modulus of cement asphalt mortar systems 
Figure 5 presents the variation of dynamic modulus 
with time for the CAM systems. There is an increase 
in dynamic modulus in CAM systems as well. How-
ever, the increase in modulus in CAM systems is due 
to emulsion breaking rather than structural formation 
by flocculation of cement particles and hydration. 
This is evident from the evolution of the modulus for 
the CAM+CSA system. Unlike CM+CSA, the evolu-
tion of modulus in the CAM+CSA system did not 
progress at a high rate. The reaction of the admixture 
was masked by the presence of asphalt emulsion and 
hence there was not much difference in the evolution 
of the moduli between systems with and without the 
calcium sulfoaluminate admixture. The modulus 
value of CAM+DF is larger than other systems. This 
is because the presence of a defoamer reduces the 
foam from emulsion. CAM+AL has the least modulus 
because the aluminium reaction with cement has not 
happened here.  

The evolution of the phase angle of CAM systems 
is shown in Figure 6. The initial phase angle of the 
CAM systems is similar to the CM systems. But un-
like the CM systems, the phase angle of the CAM sys-
tems does not decrease significantly. In some cases, 
the phase angle appears to increase. This suggests that 
the evolution of viscoelastic properties is more influ-
enced by the breaking of the emulsion in these sys-
tems than the flocculation and hydration of cement 
particles. Moreover, the phase angle of the CAM sys-
tems is seen to remain above 45∘, which indicates that 
the CAM systems do not possess similar elastic char-
acteristics compared to the CM systems. Structures 
similar to those observed in CM systems are not 
formed in the CAM systems. This can again be at-
tributed to the breaking of the asphalt emulsion. 

Comparing CM to CAM systems (Figure 7), fresh 
cement mortar systems exhibited higher modulus 
than the corresponding CAM system. The storage 
modulus of CAM is only about 1/10th of the CM. 
Moreover, for the CM system exhibited a storage 
modulus greater than the loss modulus (𝐺′ >  𝐺″) at 
the tested strain level and frequency. But cement as-
phalt mortar showed a more viscous behaviour with 
the loss modulus higher than the storage modulus 
(𝐺′′ > 𝐺′). 

 

 

Figure 6. Phase angle variation of CAM systems 
 

 

Figure 7. Comparison of CAM and CM modulus values 

The shear stress vs. shear rate for different systems 
from the shear sweep tests are presented in (Figures 8 
and 9). All systems are observed to behave as yield 
stress fluids. However, the yield stress appears to be 
higher for the CM systems compared to the CAM sys-
tems. All systems are also observed to show shear 
thinning behaviour beyond the yield stress.  
 

 

Figure 8.  Shear stress vs. shear rate plots of CM  
 

Figure 9.  Shear stress vs. shear rate plots of CAM 
 
The apparent viscosity vs. different shear rates is 
shown in Figures 10 and 11. In CAM systems, the 
CAM+DF is again seen to exhibit higher viscosity 
than the other systems. This again indicates that the 
breaking of the asphalt emulsion is affecting the rhe-
ology of the material more than the flocculation/hy-
dration of the cement.  



 

Figure 10. Apparent viscosity vs. shear rate plots of  CAM 
 

Figure 11.  Apparent viscosity vs. shear rate plots of  CAM 

The apparent viscosity of the CAM system is in 
general lower than the CM systems at a given shear 
rate. But the decrease in apparent viscosity with any 
increase in shear rate appears to be higher for the CM 
systems compared to the CAM systems. 
 

5 SUMMARY AND CONCLUSION 

This study explored the structure formation in cement 
asphalt mortar (CAM) and the rheology of CAM in 
its fresh state and compares it to that of cement mor-
tar. The effect of different additives on the mechani-
cal behaviour was also investigated.  It was shown 
that CAM shows shear-thinning behaviour. Additives 
have a significant impact on the early strength of 
CAM, rate of hydration, and viscoelastic characteris-
tics. Key findings include: 
1. The breaking down of the asphalt emulsion influ-

ences the early evolution of the dynamic modulus 
in CAM. The complex internal structures created 
through the interaction of asphalt droplets and ce-
ment particles provide CAM with its distinct me-
chanical characteristics. In comparison, the struc-
ture development in CM systems was dominated 
by flocculation and hydration of cement particles. 

2. CAM systems had 𝐺′′ > 𝐺′ whereas CM systems 
had 𝐺′ > 𝐺′′. CAM systems also exhibited a rel-
atively lower modulus than CM systems. Both are 
indicative of slower structure development in 
CAM systems. 

3. CAM systems exhibited yield-stress fluid behav-
iour similar to CM systems. Their apparent vis-
cosity was also lower than the corresponding CM 
systems. Beyond the yield stress, CAM systems 
showed shear-thinning behaviour. 

This study emphasizes the importance of understand-
ing the interaction between cement hydration and as-
phalt emulsion breaking in developing advanced 
composite materials with tailored properties for spe-
cific engineering needs. 
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1 INTRODUCTION 
 
Asphalt materials experience continuous physico-
chemical transformations throughout their service 
life, a process known as aging, which fundamentally 
alters their mechanical and rheological properties. 
This complex phenomenon is primarily driven by ox-
idative and thermal aging mechanisms that contribute 
to material deterioration. Oxidative aging occurs 
when asphalt binders interact with atmospheric oxy-
gen. This process leads to significant chemical modi-
fications of complex organic molecules through oxi-
dation (Jing et al. 2019) . The key transformations 
include formation of polar functional groups such as 
carbonyls and sulfoxides. Chemical crosslinking in-
creases the molecular weight of the binder. These 
changes result in progressive stiffening of the binder's 
microstructure and reduce its viscoelastic perfor-
mance. The carbonyl index, typically measured 
through infrared spectroscopy, serves as a quantita-
tive indicator of oxidative aging intensity. Asphalt ag-
ing progresses through distinct stages: short-term ag-
ing (STA) during production and initial compaction, 
and long-term aging (LTA) occurring throughout the 
pavement's service life (Pipintakos et al. 2021). Com-
putational methods like Finite Element Modeling 
(FEM) have emerged as powerful tools for investigat-
ing material aging phenomena (Khadijeh et al. 2025). 
These advanced numerical techniques provide the ca-
pability to simulate complex physicochemical trans-
formations, allowing researchers to predict material 
behavior across multiple temporal and spatial scales. 
In this research, a novel computational framework is 
developed to model the viscoelastic behavior of bitu-
minous materials under aging conditions. The study 
employs a user-defined material (UMAT) subroutine 
with a carbonyl area-based aging index to simulate 
the rheological evolution of bitumen and mastic. The 
research introduces a robust methodology that  

 
 
combines multi-term Prony series representation with 
an exponential aging mechanism, enabling precise 
quantification of material stiffness changes during 
short-term and long-term aging processes. Finite ele-
ment simulations of the DSR tests demonstrate high 
accuracy in comparison with experimental tests, pre-
senting a sophisticated predictive tool for understand-
ing material degradation due to the aging process. 

2 METHODOLOGY 

2.1 Maxwell model for viscoelasticity 
The Maxwell model describes a linear viscoelastic 
material behavior using a generalized formulation 
based on the Prony series (Kraus et al. 2017). In this 
work, the Maxwell model is extended to incorporate 
material aging effects, which are modeled through a 
carbonyl area-based aging index. The methodology 
integrates viscoelastic relaxation with time-depend-
ent material property evolution, allowing for the ac-
curate simulation of aging-induced changes in me-
chanical behavior. 

In the Maxwell model, the total stress 𝜎 is ex-
pressed as the sum of the volumetric and deviatoric 
stress components: 

 
𝜎 =  𝜎𝑣𝑜𝑙 +  𝜎𝑑𝑒𝑣                                                      (1) 
 
where the volumetric stress is given by: 
 
𝜎𝑣𝑜𝑙 = 3𝐾𝜖𝑣𝑜𝑙𝐼                                                          (2) 
 
with 𝜖𝑣𝑜𝑙 = 1/3  𝑡𝑟(𝜖) representing the volumetric 
strain, 𝐾 is the bulk modulus, and 𝐼 is the identity ten-
sor. 
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The deviatoric stress accounts for both long-term 
elastic and time-dependent relaxation effects and is 
expressed as: 
 
𝜎𝑑𝑒𝑣 = 2𝐺(𝐺∞𝜖𝑑𝑒𝑣 + ∑ 𝑠𝑚

𝑖𝑁 
𝑖=1 )                                   (3) 

 
where 𝐺 is the shear modulus 𝐺, 𝜖𝑑𝑒𝑣 = 𝜖 − 𝜖𝑣𝑜𝑙𝐼 is 
the deviatoric strain, 𝐺∞ = 1 −  ∑ 𝐺𝑖

𝑁 
𝑖=1  is the long-

term modulus ratio, and 𝑠𝑚
𝑖  represents the stress con-

tribution from each Prony term. 
The stress memory term 𝑠𝑚

𝑖  for the i-th Prony ele-
ment is computed incrementally using exponential in-
tegration: 
 

𝑆𝑚
𝑖,𝑛𝑒𝑤 = 𝑒

(−
∆𝑡

𝜏𝑖
)
𝑆𝑚

𝑖,𝑜𝑙𝑑 + 
2𝐺𝑖

1+ 
∆𝑡

𝜏𝑖

∆𝜖𝑑𝑒𝑣                         (4) 

where ∆𝑡 is the time increment, 𝜏𝑖, is the relaxation 
time, and ∆𝜖𝑑𝑒𝑣 is the deviatoric strain increment. 

2.2 Incorporating of aging effects 
 The aging process is modeled through a time-de-
pendent scaling of the material stiffness, governed by 
the carbonyl area 𝐶𝐴(𝑡). The evolution of 𝐶𝐴(𝑡) is 
described as: 
 
𝐶𝐴(𝑡) = 𝐶𝐴0 + 𝐶𝐴∞(1 − 𝑒−𝑅𝑡𝑡)                              (5)    
                                         
where 𝐶𝐴0 is the initial carbonyl area, 𝐶𝐴∞  is the 
asymptotic value at long times, and 𝑅𝑡 is the reac-
tion rate controlling the rate of carbonyl accumula-
tion. 
The aging index 𝐴(𝑡) is defined as: 
 
𝐴(𝑡) = 1 + 𝑘. 𝐶𝐴(𝑡)                                              (6) 
 
where 𝑘 is a scaling factor that quantifies the sensi-
tivity of the material properties to aging. The 
Young's modulus at time 𝑡, 𝐸𝑎𝑔𝑒𝑑(𝑡) is then com-
puted as:  
 
𝐸𝑎𝑔𝑒𝑑(𝑡) = 𝐸0. 𝐴(𝑡)                                               (7) 
 
where 𝐸0 is the initial Young’s modulus before ag-
ing. This modification affects both the bulk modulus 
𝐾 and shear modulus 𝐺, which are updated as: 
 
𝐾 =  

𝐸𝑎𝑔𝑒𝑑

3(1−2𝜈)
                                                            (8) 

 
𝐺 =  

𝐸𝑎𝑔𝑒𝑑

2(1+𝜈)
                                                              (9) 

 
where 𝜈 is the Poisson's ratio. The aging also im-
pacts the relaxation times 𝜏𝑖, which are scaled in-
versely with the aging index: 
 
𝜏𝑖

𝑎𝑔𝑒𝑑
=  

𝜏𝑖

𝐴(𝑡)
                                                         (10) 

In each time increment, the UMAT subroutine com-
putes the updated stress and internal state variables. 
The stress memory terms 𝑆𝑚

𝑖  are recalculated for 
each Prony term, incorporating the aged relaxation 
times. The state variables are updated to store the 
stress memory terms, the current carbonyl area 
𝐶𝐴(𝑡) , the aging index 𝐴(𝑡) , and the aged Young's 
modulus 𝐸𝑎𝑔𝑒𝑑.  
The material Jacobian 𝐷, or tangent stiffness matrix, 
is derived to ensure numerical stability. The effec-
tive shear modulus 𝐺𝑒𝑓𝑓, incorporating both elastic 
and viscoelastic contributions, is computed as: 
 
𝐺𝑒𝑓𝑓  = 𝐺(𝐺∞ + ∑

𝐺𝑖

1+
∆𝑡

𝜏𝑖

)𝑁
𝑖=1                                  (11) 

The tangent stiffness matrix is then assembled, in-
cluding contributions from both the bulk modulus 𝐾  
and 𝐺𝑒𝑓𝑓. 

2.3 Model construction 
The computational model is designed to simulate the 
behavior of the binder and mastic materials under 
controlled loading conditions. The binder and mastic 
sample is modeled as a cylindrical structure with a di-
ameter of 8 mm and a thickness of 2 mm. Within the 
mastic sample, the volume fraction of fillers embed-
ded in the binder is set at 28%, replicating the micro-
structural composition of the mastic material with a 
Young’s modulus equals to 70 GPa. To mimic the ex-
perimental test setup, the sample is positioned be-
tween two parallel plates, which are modeled as rigid 
bodies. The interaction between the rigid plates and 
the sample is defined using cohesive stiffness contact 
properties, ensuring proper load transfer without pen-
etration or separation artifacts during the simulation. 
A logarithmic sinusoidal load is applied to replicate 
the experimental loading conditions. This load type is 
chosen for its ability to introduce controlled cyclic de-
formation while capturing the time-dependent me-
chanical response of the sample. 

The material properties used in this study were ex-
tracted  from Ren et al. 2022 for the binder models 
and from Granular et al. (2019) for the mastic proper-
ties. An optimization process, utilizing the Python 
tool provided by (Khadijeh et al. 2025), was con-
ducted to determine the Prony series parameters. For 
fresh conditions, both the initial Carbonyl area (𝐶𝐴0) 
and the long-term carbonyl area (𝐶𝐴∞) were set to 0. 
Under STA conditions, 𝐶𝐴0 was set to 0 and 𝐶𝐴∞ to 
0.8. For long-term aging conditions, 𝐶𝐴0 was set to 
0.8 and 𝐶𝐴∞ to 1.2. The parameters 𝑘  and  𝑅𝑡 were 
set to 1.2 and 0.1, respectively. 

In the mastic model, the fillers are assumed to be 
fully merged with the binder, forming a homogenous 
composite material. This approach simplifies the rep-
resentation of the filler-binder interactions while re-
taining the bulk mechanical behavior observed in real  



mastic samples. Figure 1 illustrates the overall mod-
eling framework, including the geometric setup and 
loading configuration. 
  

 
 
 

Figure 1 Overview of the experimental framework for asphalt binder and mastic characterization. (a) 
Frequency sweep test setup (b) DSR test performed on asphalt binder under different conditions: fresh, 
short-term aged (STA), and long-term aged (LTA), (c) schematic representation of the asphalt mastic 
model, and (d) DSR test applied to asphalt mastic under fresh and LTA conditions. 

3 RESULTS 

3.1 Asphalt binder results 
 
 Figure 2 presents the comparison between experi-
mental tests and FEM predictions for 𝐺∗as a function 
of frequency. Three distinct cases are analyzed: (a) 
fresh asphalt binder, (b) short-term aged (STA) as-
phalt binder, and (c) long-term aged (LTA) asphalt 
binder. Across all cases, 𝐺∗increases with frequency, 
reflecting the viscoelastic nature of asphalt binders, 
where higher frequencies correspond to stiffer re-
sponses. Aging significantly increases 𝐺∗, with STA 
and LTA binders exhibiting progressively higher 
stiffness compared to the fresh binder due to the stiff-
ening effects of oxidation and chemical hardening. 
The FEM predictions closely replicate the experi-
mental trends, particularly at mid-to-high frequen-
cies, demonstrating the model's effectiveness in cap-
turing both frequency dependence and aging effects. 
Minor deviations are observed at lower frequencies, 
especially for the long-term aged binder, likely due to 
limitations in capturing aging-induced microstruc-
tural changes and relaxation mechanisms. Overall, 

the results confirm that the proposed numerical 
framework accurately reflects the viscoelastic and ag-
ing behavior of asphalt binders.  
 

3.2 Asphalt mastic results 
Figure 3 illustrates the complex shear modulus 𝐺∗ as 
a function of frequency for asphalt mastic in its fresh 
state (a) and LTA state (b), comparing experimental 
results with FEM predictions. Similar to the asphalt 
binder results, 𝐺∗ increases with frequency, indicat-
ing the viscoelastic stiffening behavior of asphalt 
mastic under higher loading rates. Aging leads to a 
significant increase in stiffness, with the LTA mastic 
exhibiting higher 𝐺∗ values compared to the fresh 
mastic due to the presence of fillers and the effects of 
long-term oxidation. The FEM predictions align well 
with the experimental results, particularly at mid-to-
high frequencies, confirming the model’s ability to 
capture both the viscoelastic and aging behavior of 
the mastic. Slight discrepancies are observed at lower 
frequencies, where relaxation mechanisms and filler 
interactions may be more pronounced. Overall, the re-
sults demonstrate the accuracy and robustness of the 
numerical framework in simulating the frequency-de-
pendent and aging responses of asphalt mastic. 



Figure 2 Comparison of experimental and FEM results for 𝐺∗ of asphalt binders. (a) Fresh 
asphalt binder, (b) STA asphalt binder, and (c) LTA asphalt binder. 
 
 

Figure 3 Comparison of experimental and FEM results for 𝐺∗ of asphalt mastics. (a) Fresh 
asphalt mastic, (b) LTA asphalt mastic. 

4 CONCLUSION 
 

This research enhances our understanding of bitumi-
nous materials by developing a computational frame-
work that illuminates the complex viscoelastic behav-
ior of asphalt binders and mastics under aging 
conditions. The study introduces an advanced user-
defined material (UMAT) subroutine with a carbonyl 
area-based aging index, offering researchers and en-
gineers a powerful tool for examining the intricate 
physicochemical transformations that occur through-
out an asphalt material's lifecycle. 

The FE models accurately predicted how asphalt 
materials change over time and frequency. These  
simulations closely matched real-world experimental 
results across different stages of material aging, from 
newly created to extensively aged samples. 
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1 INTRODUCTION 

Asphalt emulsions and cutbacks are widely used in 
surface treatments, as tack coat between pavement 
layers and in cold-mix technologies as they are liquid 
at room temperatures. These liquids are produced by 
mixing asphalt binder and water with the help of 
emulsifying agent in the case of emulsions, and pe-
troleum solvent is mixed with asphalt binder in the 
case of cutbacks. The water/solvent in these materials 
need to evaporate in the field after application to en-
sure desired performance. These materials are rou-
tinely screened in the laboratory by testing the residue 
to ensure desired field performance. Tests on the res-
idue indicate the state of the emulsion or cutback after 
evaporation of water or solvent in the field after ap-
plication, respectively. 
 
Currently, the standard test methods used to obtain 
the cutback or emulsion residue in the laboratory are 
distillation-based methods in the state of Texas: (i) 
AASHTO T78 (2022) for cutbacks and (ii) AASHTO 
T59 (2022). These test methods typically involve 
very high temperatures which is a safety concern and 
is also not a representative of field temperatures. 
These test methods also require high operators’ time 
as well as a lot of time in sample preparation and 
cleanup. To address these limitations, in a previous 
research, authors developed a new test method to 

obtain residues from emulsions and cutbacks using a 
vacuum oven and demonstrated the feasibility of the 
method for routine screening by examining the re-
peatability of the test between two laboratories (Ko-
maragiri et al., 2024).  
 
Other test methods were also evaluated using evapo-
rative techniques for emulsions such as AASHTO 
T59 evaporation method, AASHTO R78 (2022) 
ASTM 7404 (2019). However, very high tempera-
tures were used in these tests which are not a repre-
sentative of field conditions and high temperatures 
used in the tests reportedly damage the polymer net-
work in the polymer modified emulsions and caused 
aging (Wasiuddin et al., 2013; King et al., 2010; 
Reinke et al., 2013;Motamed et al., 2014). The test 
method developed by the authors in the previous re-
search addresses these issues. The new method re-
quires a small quantity of emulsion or cutbacks for 
residue recovery as the residue obtained from this test 
method is evaluated using a DSR which requires a 
very small quantity of sample for testing. Due to this 
reason, residue recovery for eight cutback samples or 
six emulsion samples can be performed at the same 
time showing a huge potential of this test method for 
routine screening of cutbacks and emulsions. Note 
that this method is not intended to provide a detailed 
compositional breakdown, as is the case with the dis-
tillation-based methods. More details of this test can 
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be found elsewhere (Komaragiri et al., 2024). The 
present study advances the previous research work by 
performing a broader round-robin testing. 

2 SCOPE 

Previous study by the authors developed test methods 
to obtain residues from cutbacks and emulsions (Ko-
maragiri et al., 2024). The main goal of this study was 
to advance this research by demonstrating the robust-
ness of the method by performing a broad round-
robin testing. This round-robin testing involved six 
participating labs from the state of Texas both from 
industry and academia. 

3 MATERIALS 

The materials used in this study are as follows: 
 • RC-250 cutback from two suppliers 
 • MC-30 cutback from 2 suppliers 
 • CRS-2P emulsion from two suppliers 
 • HFRS-2P emulsion from one supplier 
 
Note that these materials were selected in the study as 
these cutbacks and emulsions are used the most in the 
state of Texas. The same material was split and sent 
to all participating laboratories of round-robin testing.  

4 TESTING 

The vacuum oven-based test method developed in 
previous research for residue recovery of cutbacks 
and emulsions was used in the present study. Mass 
loss during the residue recovery was also recorded. 
The DSR test protocol that was used to develop the 
residue recovery procedures in the previous research 
was also used to test the recovered residue from the 
aforementioned cutbacks and emulsion in this study. 
The DSR procedure is reiterated here for the sake of 
completeness: G*/sin δ parameter was recorded at 
64°C at 10% strain rate and 10 rad/s frequency. This 
parameter was obtained as the average of the last five 
cycles out of the recorded ten cycles. The same test 
protocol was followed in all participating laborato-
ries. 

5 RESULTS 

Data obtained from the round-robin testing conducted 
in various industrial and research laboratories is sum-
marized in the next subsections. Note that this round-
robin study had different equipment (vacuum ovens, 
vacuum pumps and dynamic shear rheometers) and 
different operators.  

5.1 Emulsions 
CRS-2P emulsion from two suppliers and HFRS-2P 
from one supplier was used for the round-robin test-
ing. Figure 1 shows the mass loss data obtained from 
the six participating laboratories. It must be noted that 
four out of six laboratories conducted testing on two 
replicates and the remaining two laboratories con-
ducted testing on one replicate. In the case of two rep-
licates, the average of the two replicates is reported in 
the figure. It can be observed that the mass loss data 
is very repeatable between the six labs and average 
mass loss was around 33% for all the emulsions 
which is approximately the amount of water present 
in these emulsions based on the information obtained 
from the producers.  

Figure 1. Mass loss data obtained from the six laboratories par-
ticipated in the round robin testing 

 
Figure 2 shows the G*/sin δ parameter from DSR 

obtained from the six labs. It should be noted that 
each replicate in the figure is shown as a separate data 
point. Base binders were also obtained from the pro-
ducers for reference. It can be observed from this fig-
ure that the DSR parameter shows very good repeat-
ability between the six participating labs. More 
variability can be observed for HFRS-2P emulsion as 
compared to CRS-2P emulsions. However, even with 
a higher variation the DSR parameter from all six labs 
lies in the range of 1 to 1.6. This shows that even 
though the repeatability of HFRS-2P is lower com-
pared to that of the CRS-2P emulsions, the overall re-
peatability is still very good. It can also be seen from 
the figure that base binders of these emulsions are less 
stiff than the emulsion residue recovered by the de-
veloped procedure. Authors found out from the pro-
ducers that the base binders used for the production 
of these emulsions were not polymer modified. In 
fact, these polymer-modified emulsions (both CRS-
2P and HFRS-2P) were obtained by the addition of 
the polymer during the emulsification process. 



 

Figure 2. G*/sin δ data obtained from the six labs participated in 
the round-robin testing 

5.2 Cutbacks 
MC-30 and RC-250 cutbacks from two different sup-
pliers were used for the round-robin testing. Figure 3 
shows the mass loss data obtained from the six partic-
ipating laboratories during the residue recovery pro-
cedure. It can be observed from the figure that the 
mass loss data is very repeatable across the six labor-
atories. The mass loss for the MC-30 cutback ob-
tained from both the suppliers was around 40% and 
the mass loss for RC-250 cutback was around 20%. 
Based on the information obtained from the produc-
ers, this is the approximate amount of solvent that is 
used to produce these cutback grades. It must be 
noted here that only one replicate was tested in two 
out of the six laboratories and two replicates were 
tested in the remaining four laboratories, in which 
case the average of the two replicates is reported in 
the figure. 

 
Figure 4 shows the G*/sin δ parameter at 64°C from 
the six participating labs. It must be noted that each 
replicate is shown as a separate data point in the fig-
ure. Base binders for the cutbacks were also obtained 
from the producers to get a reference. It can be ob-
served that the DSR parameter was repeatable for 
three cutbacks (two RC-250s and one MC-30) and 
there was a lot of variability in the results for one MC-
30. The reason for variability was observed to be be-
cause of unusually stiff base (G*/sin δ parameter is 
around 60 at 64°C) of the cutback. Overall, this exer-
cise demonstrated the robustness of the developed 
method and its immediate applicability to the industry 
for routine screening purposes. 

 
 
 
 
 

 

 

Figure 3. Mass loss data obtained from the six laboratories par-
ticipated in the round-robin testing for cutback residue recovery 
 
 

Figure 4. G*/sin δ data obtained from the six labs participated in 
the round-robin testing 

6 SUMMARY AND CONCLUSIONS 

In a previous study, authors developed a test method 
for residue recovery of cutbacks and emulsion using 
vacuum oven (Komaragiri et al., 2024). This new pro-
cedure needs a smaller equipment footprint, increases 
overall throughput, requires less material and clean-
ing as compared to the standard test method that is 
currently used for residue recovery. The feasibility 
and potential of this method for routine screening of 
cutbacks and emulsions was demonstrated based on 
the data obtained from two different laboratories 
which had different operators and equipment. This 
study builds on the previous study by performing a 
broader round-robin testing on the developed test pro-
cedure for residue recovery with six participating la-
boratories. These laboratories include various re-
search and industry laboratories in the state of Texas. 
Six participating laboratories had different operators, 
vacuum ovens, vacuum pumps and DSRs.  
 



Various cutback and emulsion grades were used in 
the round-robin testing. Mass loss data during the res-
idue recovery test and G*/sin δ parameter obtained 
from the DSR test on residue sample were recorded 
in this study. Results from the round-robin testing 
show very good repeatability between all six partici-
pating laboratories both in mass loss data and G* 
G*/sin δ data with one exception of MC-30 cutback 
which had an unusual base with very high stiffness. 
This study further demonstrates the robustness of the 
residue recovery procedure developed in the previous 
study with respect to different operators, different 
brands of vacuum ovens, vacuum pumps and DSRs. 
This study further exhibits the potential and readiness 
of using this test method for routine screening of cut-
backs and emulsions.   
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8 DISCLAIMER 

The contents of this paper reflect the views of the au-
thors who are solely responsible for the facts and ac-
curacy of the data presented herein and do not neces-
sarily reflect the official views or policies of any 
agency or institute. This paper does not constitute a 
standard, specification, nor is it intended for design, 
construction, bidding, contracting, tendering, certifi-
cation, or permit purposes. Tradenames were used 
solely for information purposes and not for product 
endorsement, advertisement, promotions, or certifica-
tion. 
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1 INTRODUCTION 
 
Permanent strain in unbound granular materials used 
in road construction is a critical factor affecting 
pavement performance and longevity. Several mod-
els have been proposed to relate permanent strains in 
these materials to the number of load applications 
and other influencing factors. These models aim to 
predict the permanent deformation behavior of un-
bound layers in flexible pavements (Lekarp and 
Dawson, 1998). 
One of the earliest simple models proposed to relate 
plastic strains to the number of load applications and 
other influencing factors is the model by Monismith 
et al. (1975), as presented in Eq. (1) below: 

 
εp= a. Nb                  ……………………..……… (1) 
where: 
εp= Accumulated plastic strain (%) 
N= Number of load applications 
a, and b= Parameters that represent the influence of 
other factors. 
Puppala et al. (2009) conducted a comprehensive re-
search study to measure permanent deformation 
properties of subgrade soils under repeated loading 
cycles, contributing to the understanding of these re-
lationships. Among the developed models used to 
predict permanent strain, the one suggested by Rah-
man et. al. (2021) has been verified against LWD 
permanent strain data in this study. This model con 
 

 
siders the resilient strain (εr) to predict the perma-
nent strain as given in Eq. 2 below: 
  

εp= a. εr . ………………………...    (2) 
where εr is the resilient (elastic) strain during one 
load cycle. 
In this study, a model for accumulated permanent 
strains was evaluated to align with the permanent 
strains measured during single-stage in-situ repeated 
LWD tests. The model incorporates the number of 
load cycles (N) and recoverable strain, and its ap-
plicability was assessed for water contents up to 
15%. Additionally, regression models were devel-
oped to represent the data obtained from the series of 
single-stage repeated LWD tests conducted in this 
research. The development, application, and evalua-
tion of these models are discussed comprehensively 
in the following sections. Further details on using 
the single-stage lightweight deflectometer to meas-
ure permanent deformations can be found in Kuttah 
(2020, 2021, and 2024). 

2 TESTING METHODOLOGY 

Field tests were conducted on compacted silty 
sand subgrade soil using repeated lightweight de-
flectometer (LWD) tests to evaluate elastic and plas-
tic deformations under varying stress levels (50 kPa, 
100 kPa, and 200 kPa) and moisture conditions (8%, 
10%, and 15%). The study, carried out at VTI’s 
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backyard in Linköping, involved preparing a con-
trolled test pit with compacted subgrade soil classi-
fied for its physical and mechanical properties. The 
testing process simulated real-life vehicle stress im-
pacts on paved and unpaved roads. The newly de-
veloped LWD includes a control beam with a central 
LVDT to measure plastic deformations at the center-
line of loading, alongside a central geophone for to-
tal deformation. The LVDT directly measures plastic 
deformations through the steel plate, ensuring accu-
racy and overcoming integration errors associated 
with geophone measurements, see Figure 1. The test 
pit was equipped with a roof panel for environmen-
tal control and a water system to regulate moisture 
conditions. LWD tests were conducted systematical-
ly at marked points on the compacted soil, with 
moisture levels adjusted through drying or wetting 
processes. Data on deformation, field density, and 
relative compaction were collected using NDG tests 
and oven-dried methods, providing insights into the 
subgrade’s performance under varying stress and 
moisture conditions. 

 
Figure 1. The developed lightweight deflectometer, capable 

of separately measuring the permanent and recoverable defor-
mations of the tested soil. 

3 TESTED SOIL PROPERTIES 

A silty sand subgrade soil was selected for testing in 
this study, and a series of laboratory tests were per-
formed to determine its physical properties, includ-
ing particle size distribution, clay fraction, soil clas-
sification, specific gravity, liquid and plastic limits, 
and compaction characteristics. The particle size dis-
tribution test was carried out according to SS-EN 
933-1 (2004), which showed that about 40% of the 
soil passed through a 0.063 mm sieve. The clay con-
tent was measured using VTI’s laser diffraction 
method (10 nm - 2 mm) and found to be 5%. The 
specific gravity was determined according to SS-EN 
1097-6 (2013), annex G, and was found to be 2.64. 
The liquid and plastic limits were measured at SGI 

following SS-EN ISO 17892-12 (2018), revealing a 
liquid limit of 18% and a plastic limit of 14.3%, re-
sulting in a plasticity index of 3.7%. The compaction 
characteristics were determined using the modified 
Proctor test (ASTM D1557, 2012), which involved 
compacting soil samples at varying moisture con-
tents between 0% and 16%. The results showed a 
maximum dry density of 2.03 g/cm³ at an optimum 
moisture content of 8.2%.  

4 MODELING PERMANENT STRAINS 
MEASURED DURING REPEATED LWD 
TESTING 

It is clear that the models shown in Eq. 2 requires 
the permanent strains while in the developed repeat-
ed LWD test, the permanent deformations can be 
measured. To convert these measured deformations 
into strains, specifically the recoverable strains re-
quired in Eq. 2, the LWD's zone of influence must 
be estimated. Nazzal (2003) and Tompai (2008) 
found that the LWD's zone of influence typically 
ranges from 1 to 2 times the plate diameter, which is 
consistent with the findings of Elhakim et al. (2014). 
In this study, the zone of influence of the LWD was 
assumed to be 1.5 times the plate diameter of 20 cm, 
resulting in a zone of influence of 30 cm, in depth. 
The model in Eq. 2 was used to predict the accumu-
lated permanent deformations measured during in-
situ repeated LWD tests. To achieve the best fit for 
each specific water content and stress level group, 
nonlinear parameters, denoted as a and b, were de-
termined separately for each case and are shown in 
Figures 2 and 3. The parameter "a" for points tested 
at the same stress level was plotted against water 
content (W), as illustrated in Figure 2. The results 
indicate that "a" follows a power function of W 
within the study's water content range. The values of 
"a" for different stress levels, along with the corre-
sponding R² values, are provided in Figure 2. 
 

 
 Figure 2. Parameter a (Eq. 2) as a function of the water content 
for different applied stress levels. 

 
Similarly, the parameter "b" was plotted against 

W for points tested at the same stress level, as shown 
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in Figure 3. The results suggest that "b" can be ex-
pressed as a linear function of W within the studied 
ranges, with the corresponding values and R² values 
displayed in Figure 3. 

 

 
Figure 3. Parameter b (Eq. 2) as a function of the water 

content for different applied stress levels. 
 
 
Figures 4, 5, and 6 show a comparison between 

the measured and predicted accumulated permanent 
strain, using Eq. 2 as a function of N for the tested 
soil at different stress levels and water contents (8%, 
10%, and 15%).  

 
Figure 4. Measured and modelled accumulation of perma-

nent strain using Eq. 2 for W=8%. 
 
These figures also present the measured versus 

modeled accumulated permanent strain based on re-
gression analysis for different stress levels and mois-
ture contents, along with the R² values.  

From Figures 4 to 6, it is evident that the model 
from Eq. 2 fits well with the in-situ repeated LWD 

measured permanent strains, except for cases at p = 
100 kPa and 200 kPa at 15% water content, and for 
N > 20 drops at p = 200 kPa and 10% water content. 
In these instances, the model fails to provide a relia-
ble prediction due to excessive accumulated perma-
nent strains that cannot be accurately represented.  

 

 
Figure 5. Measured and modelled accumulation of perma-

nent strain using Eq. 2 for W=10%. 
 

 
Figure 6: Measured and modelled accumulation of perma-

nent strain using Eq. 2 for W=15%. 



 
As for the regression fitting, Figures 4 to 6 

demonstrate that the power function used in the re-
gression provides a good fit, with R² values greater 
than 0.91 for most cases, except for p = 100 kPa at 
15% water content. The discrepancy in this curve is 
attributed to the loss of plastic deformation data for 
one of the testing points. Consequently, the curve 
was extended using the available data from another 
test point on the same location. 

 

5 CONCLUSIONS AND RECOMMENDATIONS 

In conclusion, this study successfully applied the 
model presented in Eq. 2 to predict the accumulated 
permanent deformations of subgrade soil measured 
during repeated LWD tests under various stress lev-
els and moisture contents. The nonlinear parameters 
"a" and "b" were determined for each stress level 
and water content group, and their relationships with 
water content were found to be a power function for 
"a" and linear for "b". The model showed a good fit 
with the measured data in most cases, demonstrating 
the ability to predict accumulated permanent strains 
under typical testing conditions. However, discrep-
ancies were observed for certain stress levels and 
moisture contents, particularly at higher water con-
tents and larger numbers of drops, where the model 
could not reliably predict the observed strains. De-
spite these limitations, the regression fitting provid-
ed a high level of accuracy with R² values above 
0.91 in most cases. The findings underscore the im-
portance of considering moisture content and stress 
levels in predicting subgrade soil behavior, while al-
so highlighting areas for further refinement of the 
model to improve its applicability in extreme condi-
tions. It is important to note that the models devel-
oped in this study are specific to the tested materials 
and conditions, and when applied to other materials 
or conditions, a combination of prior experience and 
engineering judgment should be used. Further stud-
ies on other road materials are recommended to ex-
pand the application of in-situ repeated LWD testing 
for modeling accumulated permanent strains. 
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1 INTRODUCTION 

1.1 Background 
A characteristic feature of Jointed Plain Concrete 

Pavements (JPCPs) is the division of the pavement 
into slabs by transverse and longitudinal contraction 
joints. This design minimizes the formation of ran-
domly located shrinkage cracks by creating a series 
of interconnected slabs. However, jointed concrete 
pavements are often susceptible to distresses that ei-
ther originate at the joints or result from improper 
joint design, construction, or maintenance. Common 
joint-related distresses include faulting, pumping, 
spalling (caused by various mechanisms), corner 
breaks, blowups, and mid-panel cracking, which can 
occur due to excessive joint spacing or inadequate 
joint construction (FHWA 2019). 

The use of dowels enhances load transfer capaci-
ty between the loaded and unloaded slabs during ve-
hicle traffic while allowing horizontal slab move-
ment due to daily and seasonal variations in 
temperature and moisture conditions (Huang 2004). 

To minimize the risk of premature deterioration 
during the pavement's service life, several measures 
should be implemented from the construction stage. 
These include making contraction cuts promptly and 
ensuring that dowels are correctly positioned and 
properly lubricated before installation (Lazarowicz 
et al. 2023). Improper joint construction can lead to 
premature pavement failures and significantly com-
promise long-term pavement performance. 

1.2 Objective and Scope 
This study aims to examine the effects of dowel 

lubrication and positioning within contraction joints 
on the performance of concrete pavements, as ob-
served during field evaluations. 

2 MATERIALS 

2.1 Field Observations 

The evaluated JPCP was constructed using slip-
form paving technology in March 2019. It consists 
of two lanes and an emergency lane. Transverse 
joints were spaced at 5-meter intervals, while the 
longitudinal spacings were 3.9, 3.9, and 2.2 meters. 
Polymer-coated steel dowels ϕ = 0.025 m were em-
bedded in the transverse joints at 0.25 m intervals, 
and steel tie bars ϕ = 0.02 m were placed in the lon-
gitudinal joints at 1.0 m intervals. The dowels were 
not lubricated before installation using the dowel bar 
inserter. 

After several months, transverse cracking was ob-
served across the entire width of the road, splitting 
the 5-meter-long concrete slabs into fragments ap-
proximately 1.5 and 3.5 meters in length. At the time 
of observation (June 7, 2019), the crack measured 
0.5 to 0.8 mm wide and ran parallel to the contrac-
tion joints in which the dowels were embedded. The 
cracked slab was the transition slab where the JPCP 
connects to the asphalt pavement, located near the 
access to the bridge. Due to the design of the techno-
logical connection between the two pavement types, 
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the concrete slab exhibited varying thickness in the 
region where the crack occurred. 

During the field investigations, local excavations 
were conducted to assess the extent of the cracks and 
the condition of the contraction joints. Diagrams il-
lustrating this case are shown in Figures 1 and 2. 

 
Fig. 1. Diagram of the analysed pavement. 

Fig. 2. Cross-section of the analysed pavement. 
 
The excavation revealed that while joint D was 

properly formed, propagating through the entire 
thickness of the concrete slab, joint B did not propa-
gate as intended. Additionally, a random crack, la-
beled as crack C, was found to have propagated 
through the full thickness of the slab. 

 
The positions of the dowels in joints B and D 

were examined using the MIT-Scan2-BT device. A 
statistical summary of the results is presented in Ta-
bles 1 and 2. 

 
Tab. 1. Positions of the dowels at point B. 

Parameter Min. value 
[mm] 

Max. value 
[mm] 

Mean value 
[mm] 

Vertical transla-
tion -2 100 42 

Transverse trans-
lation 177 283 251 

Longitudinal 
translation -45 0 -13 

Horizontal skew -18 16 3 
Vertical tilt -11 12 2 

 
 
 

Tab. 2. Positions of the dowels at point D. 
Parameter Min. value 

[mm] 
Max. value 

[mm] 
Mean value 

[mm] 
Vertical transla-

tion -23 32 -1 

Transverse trans-
lation 221 273 250 

Longitudinal 
translation -26 48 -4 

Horizontal skew -24 9 -7 
Vertical tilt -19 17 2 

2.2 Documentation analysis 
Based on the analysis of the execution documen-

tation, the layout of the pavement structure in the ar-
ea of the transverse cracking (point C) was deter-
mined. Due to the variable thickness of the concrete 
slab, two sections within the contraction joints, rep-
resenting the extremities of the cracked slab, were 
identified. Details of both sections are provided in 
Table 3. 

 
Tab. 3. Road surface properties at points B and D. 

Material 
Young’s 
Modulus 

[MPa] 

Poisson 
ratio 

Thickness [cm] 

Point B Point D 
Cement Con-
crete C 35/45 35 000 0.16 36 30 

Geotextile - - 0.2 
Cement Bound 

Base C 8/10 3 000 0.3 10 16 

Cement Bound 
Base C 5/6 2 000 0.3 15 

Cement Bound 
Subbase C 1.5/2 200 0.3 20 

Subgrade G1 80 0.35 30 
 
The analyzed pavement section was constructed 

on March 20, 2019. Archived weather reports from 
the nearest weather station to the assessed section 
were used to compile Table 4, which summarizes the 
daily minimum and maximum air temperatures for 
one week following the pavement's construction. Us-
ing this data, the positive and negative temperature 
gradients in the concrete slab during this period were 
calculated, as described by (Szydło et al. 2013). 
 
Tab. 4. Air temperatures and temperature gradients 
in the concrete slab during the first week after con-
struction of the test section. 

Date 
Min. Air 
Temp. 
[˚C] 

Max. Air  
Temp. 
[˚C] 

Negative 
concrete  
gradient 

[˚C] 

Positive 
concrete 
gradient 

[˚C] 
20.03.2019 -6,0 9,0 -5,1 11,2 
21.03.2019 4,0 11,2 -4,5 7,9 
22.03.2019 -2,0 14,0 -5,1 11,6 
23.03.2019 -5,0 14,1 -5,3 12,9 
24.03.2019 1,0 12,0 -4,8 9,5 
25.03.2019 -2,0 9,0 -4,8 9,5 
26.03.2019 -1,0 7,0 -4,6 8,2 



3 LABORATORY TESTS 

3.1 Specimen preparation 
The pull-out test of the dowels was conducted on 

short samples, defined as those with an adhesion 
length between three and five diameters of the dow-
el. This configuration allows for necessary simplifi-
cations, ensuring linear strain changes along the 
dowel's axis during measurement. Additionally, ad-
hesion stresses remain constant, corresponding to the 
smooth surface of the dowels (Burdziński et al., 
2024). 

The tests were performed on polyethylene-coated 
steel dowels produced by the same manufacturer as 
those used in the pavement section under study. Two 
sets of samples were prepared: dowels lubricated 
with SAE 30 oil, as recommended by (Snyder 2011), 
and unlubricated dowels. Each set consisted of three 
samples.   

The dowels tested were 500 mm long and embed-
ded in cubic concrete specimens measuring 150 × 
150 × 150 mm. The contact length between the 
dowel and the concrete was set to four times the 
dowel diameter (100 mm). The remaining length of 
the dowel was isolated from the concrete using a 
protective sponge, which was removed after the 
concrete hardened. 

The concrete used for the specimens was class 
C35/45, meeting the requirements for concrete slabs 
subjected to the heaviest traffic loads, as specified in 
national guidelines. No spiral transverse reinforce-
ment was included in the specimens to avoid addi-
tional restraint on the dowels and reduce the likeli-
hood of concrete splitting. 

The objective of the test was to replicate, as close-
ly as possible, the working conditions of dowels in 
concrete slabs, where spiral reinforcement is typical-
ly absent. 

3.2 Test procedure 
 The test procedure followed the provisions of 

ISO 1040-1, Clause 7, and the methodology de-
scribed by (Burdziński et al. 2024). After the con-
crete had cured for at least 28 days, the specimen 
was placed in the testing machine with the free end 
of the dowel fixed securely. The concrete cube was 
positioned in a specially designed steel cage, which 
allowed a vertical force to be applied, causing up-
ward movement. The displacement rate of the spec-
imen was set at 1 mm/min, as recommended by 
(Khazanovich et al. 2009). A schematic of the test 
setup is shown in Fig. 3. 

 
 
 
 
 

 

Fig. 3. View of the sample and schematic of the 
pull-out test apparatus. 

3.3 Results of pull-out tests 
The maximum pull-out forces for the dowels from 

the concrete specimens are shown in Fig. 4. The av-
erage force required to pull out the lubricated dowels 
was 8.9 kN, approximately half the pulling force of 
the unlubricated dowels (17.5 kN). These results 
align well with findings from other studies; for in-
stance, (Saxena et al. 2009) reported that the absence 
of lubrication can increase pull-out forces by more 
than 2.5 times. This indicates that high friction be-
tween the concrete slab and the unlubricated dowels 
restricts their free movement within the joint, hin-
dering the natural expansion and contraction of the 
concrete slabs. 

Fig. 4. Pull-out forces of lubricated and unlubricated 
dowels in the pull-out test. 

4 DISCUSSION 
 
While dowel misalignment has traditionally been 

associated with joint lockup and related distresses, 
this study, as well as the United States National Co-
operative Research Program 10-69 study (Khaza-
novich et al. 2009), demonstrates that dowel-
concrete friction primarily influenced by the pres-
ence or absence of grease might have a more signifi-
cant detrimental effect on joint performance than 
dowel misalignment. Ungreased dowels experience 
much higher friction with the surrounding concrete, 



leading to a substantial increase in the force required 
to pull them out. In contrast, dowel misalignment led 
to only a marginal increase in pull-out force and of-
ten resulted in a decrease. These findings are sup-
ported by other laboratory studies, which have often 
been misinterpreted (Prabhu 2007; Al-Humeidawi 
and Mandal 2018). Although previous studies ob-
served a significant increase in pull-out forces due to 
dowel misalignment, they simulated unrealistically 
high joint openings. For smaller, more realistic joint 
openings, no significant increase in pull-out forces 
was observed. 

The results of finite element modeling reported by 
(Saxena et al. 2009) also showed that high friction 
between ungreased dowels and surrounding concrete 
generates significantly higher stresses in the con-
crete. These stresses, primarily tensile, concentrate 
near the dowel and can easily exceed the concrete's 
tensile strength, making it susceptible to cracking 
and spalling, which compromises the pavement's 
structural integrity and leads to premature deteriora-
tion. 

It should be noted, however, that previous exper-
imental and laboratory studies primarily investigated 
the effect of dowel greasing and misalignment on 
relatively mature concrete pavements, i.e., after the 
concrete has reached substantial strength and stiff-
ness. The effect of these factors may be even more 
pronounced immediately after concrete placement. 
At early ages, when concrete stiffness is low, un-
greased dowels may provide significant reinforce-
ment against crack formation, which would increase 
the effective slab length and contribute to random 
cracking in the slab. This, in combination with the 
slow rate of concrete strength gain due to cold ambi-
ent temperatures, a stiff foundation, and high friction 
with the base layer, could cause premature cracking. 

5 SUMMARY 

This study highlights the critical role of dowel lu-
brication and positioning in the performance of 
Jointed Plain Concrete Pavements (JPCPs). The 
findings demonstrate that unlubricated dowels expe-
rience significantly higher friction with the sur-
rounding concrete, leading to increased pull-out 
forces and restricting the dowel’s movement within 
the joint. This impedes the natural expansion and 
contraction of the concrete slabs, potentially con-
tributing to premature pavement distress. In contrast, 
lubricated dowels reduce friction and allow for 
greater dowel mobility, improving long-term joint 
performance. The results align with previous re-
search, emphasizing that dowel lubrication has a 
more significant impact on joint function than dowel 
misalignment. 

The field and laboratory tests also revealed that 
dowel misalignment, while traditionally associated 
with joint lockup and related distresses, has a rela-

tively minor effect on pull-out forces compared to 
the impact of lubrication. Additionally, the study 
suggests that the effects of dowel lubrication and 
misalignment may be more pronounced immediately 
after concrete placement, when the slab is less stiff 
and more susceptible to cracking. To enhance the 
durability and performance of JPCPs, it is essential 
to ensure proper dowel lubrication and alignment 
during construction, and to implement regular in-
spection and maintenance practices. 
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1 INTRODUCTION 

As-constructed air void content (or density) of the 
asphalt layer is a key indicator of the long-term per-
formance of new and resurfaced flexible pavements. 
The impact of the achieved compaction levels during 
construction on asphalt mix performance has been 
researched since the 1960's (Goode and Owings, 
1961). Previous studies have shown that a 1% de-
crease in as-constructed air voids is associated with 
an 8 to 44% improvement in fatigue performance 
and a 7 to 66% increase in rutting resistance of the 
asphalt layer (Aschenbrener et al., 2018). Every 1% 
increase in air void content of the compacted asphalt 
mat beyond 7% is estimated to reduce the pave-
ment's service life by 10% (Linden et al., 1989). 
Thus, compaction is the most important construc-
tion-related factor directly related to achieved air 
voids and can enhance the durability of asphalt 
pavements (Hughes, 1989).  

State highway agencies (SHAs) traditionally as-
sess construction quality by determining the 
achieved compaction using pavement cores extract-
ed in the field. However, this coring process is sur-
face-destructive, labor-intensive, and costly. Using 
density gauges (nuclear and non-nuclear) provides a 
non-destructive way of assessing the achieved densi-
ty. However, both cores and density gauges provide 
limited coverage. Either of these methods involves 
random sampling, increasing the risk of missing are-

as with compaction issues or reporting density from 
non-representative areas. 

Density profiling system (DPS), a ground-
penetrating radar (GPR) based device, has recently 
gained popularity due to its ability to assess asphalt 
compaction non-destructively during construction. 
DPS measures its dielectric values when rolled over 
a freshly laid asphalt layer, which can be directly re-
lated to as-constructed air voids (density). As op-
posed to the limited coverage of the traditional com-
paction assessment methods, DPS provides 
continuous dielectric profiles recording a value eve-
ry 6 inches. Thus, it provides the equivalent of about 
100,000 cores per mile compared to the spot tests 
(core or density gauges), aiding better monitoring 
and evaluation of as-constructed pavement density 
(Hoegh et al., 2020).  

This paper demonstrates the benefits of using the 
DPS for pavement compaction assessment during 
the construction of asphalt pavements. It highlights 
the importance of the continuous coverage provided 
by the DPS and its possible usage in identifying crit-
ical locations for predicting pavement service lives 
and future maintenance requirements. 

2 DATA SYNTHESIS 

This study uses DPS dielectric data collected from 
four pavement projects constructed in Michigan be-
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vice lives. It can also enable optimization of maintenance needs focused on locations identified with 
compaction issues within a pavement lane. Using DPS for compaction quality assessment would encourage 
utilization of high-quality construction practice resultantly achieving durable and high performing asphalt 
pavements without risking overpayments for substandard quality. 



tween 2022 and 2023. The study used a PaveScan 
rolling density meter (RDM) v2.0 developed by Ge-
ophysical Survey Systems Inc. (GSSI) that used 
three GPR sensors mounted on a wheeled cart. The 
cart was strolled along 1000 ft sections at each pro-
ject, measuring three dielectric profiles simultane-
ously with varying offsets from the centerline longi-
tudinal joint. Testing at each pavement section 
typically involved three DPS passes measuring at 
least nine dielectric profiles along the width of the 
pavement lane on the surface asphalt layers. Table 1 
shows the asphalt layer thicknesses and the mix de-
tails. 
 
Table 1. Surface asphalt layer thickness and mix de-
tails. 

Project 
Surface layer 
thickness (in) & 
NMAS (mm) 

Surface 
mix 
Gmm  

Surface mix 
binder type & 
content (%) 

US-23 1.5, 9.5 (SMA) 2.426 PG70-28P, 6.77 
M-89 1.5, 9.5 2.455 PG64-28, 6.46 
I-69 1.5, 9.5 2.505 PG64-28, 5.99 
M-61 2.0, 9.5 2.477 PG64-28, 5.94 
Note: NMAS= Nominal maximum aggregate size, P=Polymer modi-
fied, SMA=Stone Matrix Asphalt. 

3 COMPACTION ASSESSMENT 

3.1 DPS calibration 
The recorded dielectric values require calibrating a 
model for converting into air voids. This study used 
the core-free calibration method developed by 
Hoegh et al., which requires compacting gyratory 
pucks in the laboratory (Hoegh et al., 2019). Using 
an empirical model from a recent study (Eqn. 1), the 
dielectric-air void relationship was calibrated for 
each project's asphalt mix (Haider et al., 2023). Fig-
ure 1 shows the calibrated relationships for US-23 
and M-61. The figures display the 95% confidence 
(CB) and prediction bands (PB) for the model (Av-
P) and measured puck air voids (Av-O). It also 
shows measured air voids of the pavement cores ex-
tracted during testing for validation. The horizontal 
error bars display the allowable ±0.08 dielectric 
measurement variability per AASHTO PP98-19 
(AASHTO, 2019). The vertical error bars indicate a 
1% air void measurement tolerance per MDOT qual-
ity assurance procedures (MDOT, 2020). The figure 
shows that the coreless calibration predicts air voids 
with reasonable accuracy as represented by the core 
data. 
 
                     (1) 
                      
 
where AV = air voids (%); ε = asphalt dielectric val-
ue; and b,c = regression coefficients. 

 
 
              
 
 

 
 
 
 
 

Figure 1. The calibrated dielectric-air voids relationship and its 
core validation is (a) US-23 SMA and (b) M-61. 

3.2 As-constructed compaction evaluation 
Figure 2 compares dielectric values at various off-
sets from the longitudinal joint on US-23. DPS 
measurements covered the full 1000 ft lane's width 
on the unconfined side and a shorter segment (142 
m) on the confined side. Dielectric values on the un-
confined side are mostly 5.6 or lower, with many be-
low 4.8 at a 0.5 ft offset, indicating lower compac-
tion. Conversely, the confined side shows values 
mostly between 4.8 and 5.6. This highlights the im-
pact of joint type and construction conditions on 
compaction, with unconfined joints having lower 
values. 

Examining the asphalt mat's dielectric data (ex-
cluding the two outer offsets) along the pavement 
lane reveals significantly lower dielectric values 
across the width in the final 400 ft section (right side 
of the plot). This suggests that the latter portion of 
the pavement was not compacted as consistently as 
the first half. This compaction difference is translat-
ed into significant air void differences, as illustrated 
in Figure 3. The mat's air voids range between 8% to 
over 12%, while the unconfined joint (i.e., at 0.5 ft 
offset) has over 12% air voids for the majority of the 
sections' length. The air voids are below 8% on the 
confined side of the joint, with limited data showing 
void content between 8% and 12%.  

Figures 4 and 5 display box plots of the dielectric 
and predicted air voids data for US-23. These figures 
demonstrate that the paving conditions and type of 
joint affect the achieved compaction, as shown in 
Figures 2 and 3. While the dielectric values next to 
the pavement edges are lower for the unconfined 
side of the joint, they are relatively higher on the 
confined side. Consequently, the confined joint side 
has lower air voids and better compaction than the 
unconfined side. For a joint to be acceptable, its air 
voids must be within 2% of the mat's density 
(Kandhal and Mallick, 1996). This corresponds to a 
dielectric difference of about 0.14 (mat minus joint) 
based on the US-23 project-specific calibration 
model, given that 8% air voids in the mat are con-
sidered acceptable, yielding a dielectric of 5.057. 
Hence, 10% air voids are acceptable in the joint, cor-
responding to a 4.921 dielectric value. However, 



dielectric values for the unconfined joint show a sig-
nificantly greater difference than the 0.14 threshold 
compared to measurements farther from the joint. 

Lateral variations in pavement compaction within 
the lane are evident from the mat's dielectric values. 
Although these values are consistently higher than 
those at the unconfined joint, the measurements at 
8.5 ft and 12.5 ft offsets exceed the acceptable die-
lectric threshold of 5.057 for 8% air voids. Such de-
tailed compaction analysis is crucial for identifying 
critical areas of lower density that may affect the 
pavement's long-term performance and require fo-
cused periodic maintenance. 
 
 
 
 
 

Figures 6 and 7 show the boxplots for predicted air 
void values for the M-89 and I-69 projects. Similar 
to the compaction on US-23, the confined joint on 
M-89 shows air voids comparable to the asphalt mat. 
For this project, a 5.141 dielectric value corresponds 
to 8% air voids; 4.956 equals 10% air voids. Figure 
6 indicates that air voids remain below 8% through-
out the lane across all offsets. The compaction vari-
ability reveals that, aside from the outer shoulder 
joint (14.5 ft offset), most air void levels seen in 
Figure 6 are between 5% and 7%. 

 
 
 
 
 
 

Figure 2. Recorded dielectric data heat maps at different offsets from the centerline joint on either side – US-23 SMA project.
Figure 2. Recorded dielectric data heat maps at different offsets from the centerline joint on either side – US-23 SMA project 

 
 
 
 

 
 
 

 
 
 

 
Figure 3. Predicted air void heat maps at different offsets from the centerline joint on either side – US-23 SMA project.

  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Box plots displaying recorded dielectric values at 
varying offsets on US-23. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Box plots displaying predicted air voids at varying 
offsets on US-23. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Box plots displaying predicted air voids at varying 
offsets on M-89 (confined centerline joint). 

 
 
 
 
 
 
 
 
 

Figure 7. Box plots displaying predicted air voids at varying 
offsets on I-69 (Echelon-paved). 



The I-69 project was constructed using the eche-
lon paving method. Except for the dielectric values 
measured 0.5 ft from the shoulder joint, all the other 
values surpassed 5.110 (i.e., 8% air voids), indicat-
ing air voids between 4% and 8% throughout the 
1000 ft lane on the I-69 project (Fig. 7). This con-
sistency reflects the echelon paving method's effec-
tiveness in achieving proper and consistent compac-
tion; maintaining acceptable air void levels across 
the lane. 
 
 
 
 

 
 
 
 
 
 
 
 

  
Figure 8. Box plots displaying predicted air voids at varying 
offsets on M-61. 

Figure 8 shows the predicted air voids for the M-61 
project that was constructed with a notched 
wedge/tapered centerline joint. For this project's as-
phalt mix, 8% of the air voids result from a 5.027 di-
electric value, and 10% of the air voids align with a 
dielectric value 4.828. The tapered construction 
method resulted in higher compaction, reflected by 
elevated dielectric values. The predicted air voids 
consistently ranged between 4% and 6% across both 
lanes on either side of the joint. Figures 2 through 8 
demonstrate the benefit of the DPS's continuous 
compaction coverage capability, allowing for exten-
sive air voids (density) analysis, which is impossible 
with conventional spot-test-based methods. With 
such a detailed compaction analysis, one can predict 
future pavement performance variations. Additional-
ly, highway agencies can identify locations with 
sub-par compaction levels within a pavement that 
may require focused preventive maintenance 
throughout the pavement's service life. 

4 CONCLUSIONS AND RECOMMENDATIONS 

Asphalt pavement and longitudinal joint quality are 
significantly impacted by as-constructed air voids 
(density) achieved in the field. Traditional compac-
tion quality assurance processes primarily rely on 
cores that offer limited spatial coverage, risking 
overpayment for sub-par quality in the field. The 
DPS is a better alternative to the spot-test-based 
compaction assessment procedures since it provides 
continuous, comprehensive compaction coverage 
and accurately estimates as-compacted air voids. 

This study highlighted the benefits of DPS's usage 
for compaction quality evaluation. These are as fol-
lows: 
• DPS provides thorough compaction coverage and 

can highlight under-compacted and low-density 
areas across the pavement lane longitudinally 
and laterally. 

• Such in-depth compaction assessment enables 
SHAs to estimate pavement service lives accu-
rately. 

• It can also aid SHA in optimizing maintenance ef-
forts by focusing on identified locations with 
compaction issues.  

• Given the critical role of compaction quality in 
asphalt pavement performance, quality assurance 
methods should transition from current spot-test-
based approaches to DPS. 

• Adopting DPS will promote high-quality con-
struction practices, enabling the achievement of 
durable asphalt pavement with longer-lasting 
performance without risking overpayments for 
substandard quality. 
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1 INTRODUCTION 
 
In pavement design, the fatigue of asphalt concrete 
is a critical factor in the design process. However, 
the models currently used to predict pavement fa-
tigue life are predominantly regression-based 
(AASHTO-321, 2017; Austroads, 2016; Wang et al. 
2016). There is a growing need to replace these 
models with mechanistic models that can provide 
more accurate and reliable predictions. One of the 
mechanistic models that has been developed for as-
phalt concrete considers the material to be a contin-
uum and characterizes the extent of damage with the 
help of a damage parameter. These models are called 
Viscoelastic-Continuum Damage (VECD) models. 
In these VECD models, the relationship between the 
stress and strain histories is assumed to depend on a 
damage parameter, and the damage parameter, in 
turn, is prescribed an evolution equation depending 
on the deformation history of the material (Daniel & 
Kim, 2002; Kutay & Lanotte, 2018; Lee et al. 2000; 
Lee & Kim, 1998; Park et al. 1996; Underwood et 
al. 2006). 

Most VECD models that are developed for as-
phalt concrete are based on Schapery's work poten-
tial model (Schapery, 1990) along with Schapery’s 
elastic-viscoelastic correspondence principle 
(Schapery, 1984). The VECD models based on 
Schapery's work use pseudo strain to separate the 
viscoelastic part of the response and the damage part 
of the response. This constrains the storage modulus 
and the loss modulus to evolve in a coupled manner. 
Furthermore, for VECD models developed through 
this approach, the phase angle exhibited by damaged 
material when subjected to small amplitude oscilla-
tions is the same as the phase angle exhibited by an 
undamaged material. 

However, experimental observations have shown 
that the phase angle can decrease with the number of 
repetitions (Abhijith & Narayan, 2022). This sug-
gests that the phase angle (at small amplitude oscil-
lations) also evolves with damage (Abhijith & Nara-
yan, 2020). 

In a VECD model following Schapery's frame-
work, a quantity known as pseudo-strain is defined 
based on the anticipated viscoelastic response of the 
material: 

𝜀𝑟(𝑡) ∶=
𝜎𝑣𝑒(𝑡)

𝐸𝑟
,                                                            (1) 

where 𝜎𝑣𝑒(𝑡) is the stress response predicted by a 
viscoelastic model, and 𝐸𝑟 is a reference modulus. 
The constitutive equations are subsequently derived 
from the work potential, which is expressed as a 
function of this pseudo-strain and a damage parame-
ter 𝛼: 

𝑊 = �̂�(𝜀𝑟 , 𝛼).                                                              (2) 
The constitutive equations are then derived as 

𝜎 =
𝜕𝑊

𝜕𝜀𝑟
                                                                       (3a) 

𝑑𝛼

𝑑𝑡
= 𝐾 (−

𝜕𝑊

𝜕𝛼
)

𝑛

,                                                    (3b) 

where 𝐾 and 𝑛 are model parameters. The first equa-
tion defines the stress-strain relationship depending 
on the damage parameter. The second describes the 
evolution of the damage parameter with the defor-
mation of the material. However, the fundamental 
framework of these models includes the use of pseu-
do-strain to separate the viscoelasticity of the mate-
rial from the damage mechanics. 
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ABSTRACT: Viscoelastic-Continuum Damage (VECD) models are developed for asphalt concrete to de-
scribe the damage it undergoes due to repeated loading and the evolution of viscoelastic properties because of 
the damage. These models consider the material as a continuum and use a damage parameter that evolves 
based on the deformation history to capture the damage behavior. Traditional VECD models, which utilize 
Schapery's work potential theory and the elastic-viscoelastic correspondence principle, impose constraints on 
how viscoelastic properties evolve with damage. This study introduces a new VECD model that couples vis-
coelasticity and damage characteristics within a Helmholtz-potential-based thermodynamic framework, ensur-
ing thermodynamic consistency and eliminating the constraints prevalent in traditional VECD models. The 
model captures the sudden decrease in modulus towards the end of the fatigue life of the material. It also al-
lows for the phase angle to evolve without constraint, because of which it can increase, decrease, or remain 
constant with any increase in fatigue damage. 



There is a need for the development of a model 
that allows for all aspects of viscoelasticity to evolve 
with damage and for the apparent storage modulus 
and apparent loss modulus to evolve independently 
of each other. This study proposes developing visco-
elastic damage models for asphalt concrete based on 
a Helmholtz-potential-based thermodynamic frame-
work. Unlike traditional VECD models based on 
Schapery's work potential model, the model devel-
oped in this study does not constrain the evolution of 
the apparent loss modulus with the evolution of the 
apparent storage modulus. 

2 MODEL DEVELOPMENT 
 
In this study, a viscoelastic continuum damage mod-
el is developed within a Helmholtz-potential-based 
thermodynamic framework of Rajaopal & Srinivasa, 
2000, starting with the reduced dissipation equation 
for isothermal conditions: 

𝜎𝜀̇ − �̇� = 𝜉 ≥ 0,                                                          (4) 
where 𝜎 is the one-dimensional stress and 𝜀 is the 
one-dimensional linearized strain. The method of 
developing constitutive relations involves assuming 
specific functional forms for the Helmholtz potential 
and the rate of dissipation and then determining con-
stitutive relations that satisfy the reduced dissipation 
equation. The model is developed for asphalt con-
crete in a similar manner to that of Rajagopal et al. 
2007 by assuming the Helmholtz potential and the 
rate of dissipation to be functions of the strain histo-
ry of the material, along with a damage parameter 𝛼 
and its material time derivative in the following 
way: 

𝜓 = ∫ 𝐸(𝑡 − 𝑠, 𝛼)[𝜀(𝑡) − 𝜀(𝑠)]𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

,              (5) 

𝜉 = 𝜇[(�̇�)2]
𝑝+1

2  

− ∫
𝜕𝐸

𝜕𝑡
(𝑡 − 𝑠, 𝛼)[𝜀(𝑡) − 𝜀(𝑠)]𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

.                (6) 

Substituting the form for �̇� and 𝜉 in the reduced dis-
sipation equation, it becomes 

𝜎𝜀̇(𝑡) − ∫
𝜕𝐸

𝜕𝑡
(𝑡 − 𝑠, 𝛼)[𝜀(𝑡) − 𝜀(𝑠)]𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

 

− [ ∫
𝜕𝐸

𝜕𝛼
(𝑡 − 𝑠, 𝛼)[𝜀(𝑡) − 𝜀(𝑠)]𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

] �̇� 

− ∫ 𝐸(𝑡 − 𝑠, 𝛼)𝜀̇(𝑡)𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

= 𝜇[(�̇�)2]
𝑝+1

2  

− ∫
𝜕𝐸

𝜕𝑡
(𝑡 − 𝑠, 𝛼)[𝜀(𝑡) − 𝜀(𝑠)]𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

≥ 0.        (7) 

By rearranging the terms, the final form of the re-
duced dissipation equation can be written as 

(𝜎 − ∫ 𝐸(𝑡 − 𝑠, 𝛼)𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

) 𝜀̇(𝑡) 

− ( ∫
𝜕𝐸

𝜕𝛼
(𝑡 − 𝑠, 𝛼)[𝜀(𝑡) − 𝜀(𝑠)]𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

) �̇� 

= 𝜇(�̇�)𝑝+1 ≥ 0.                                                            (8) 
Since the above inequality needs to hold for all val-
ues of 𝜀̇(𝑡), it is necessary that: 

𝜎 = ∫ 𝐸(𝑡 − 𝑠, 𝛼)𝜀̇(𝑠)𝑑𝑠.

𝑡

−∞

                                       (9) 

The inequality (8) will be satisfied if 

𝜇(�̇�)𝑝 = − ∫
𝜕𝐸

𝜕𝛼
(𝑡 − 𝑠, 𝛼)[𝜀(𝑡) − 𝜀(𝑠)]𝜀̇(𝑠)𝑑𝑠.

𝑡

−∞

     (10) 

Equation (9) is the stress-strain relation, and the evo-
lution equation for 𝛼 is given by 

�̇� = [−
1

𝜇
∫

𝜕𝐸

𝜕𝛼
(𝑡 − 𝑠, 𝛼)[𝜀(𝑡) − 𝜀(𝑠)]𝜀̇(𝑠)𝑑𝑠

𝑡

−∞

]

1

𝑝

.    (11) 

Equation (9) together with equation (11), form the 
constitutive equations for the material. To ensure 
that the damage parameter 𝛼 remains real, 𝜕𝐸

𝜕𝑡
(𝑡, 𝛼) 

must be non-positive for all values of 𝛼. That is, 
𝐸(𝑡, 𝛼) should be decreasing with respect to 𝛼. The 
functional form of 𝐸(𝑡, 𝛼) with respect to 𝑡 should 
be such that it is non-negative, its first derivative 
with respect to time is non-positive, and its second 
derivative is again non-negative for all 𝑡. Similarly, 
the functional form of 𝐸(𝑡, 𝛼) in terms of 𝛼 should 
be such that 𝜕𝐸

𝜕𝛼
 is non-positive, and its derivative 

with respect to time is non-negative for all times and 
𝛼. Also, the evolution equation for the damage pa-
rameter requires that the parameter 𝑝 > 0. The mod-
el developed in this study couples the evolution of 
the damage parameter to the viscoelastic characteris-
tics. When the model is subjected to repeated load-
ing, the damage parameter changes monotonically. 

 



  
(a) 𝐸′ (b) 𝐸′′ 

Figure 1. Variation of 𝐸′ and 𝐸′′ with cycles for different values of 𝐸 

  
(a) 𝐸′ (b) 𝐸′′ 

Figure 2. Variation of 𝐸′ and 𝐸′′ with cycles for different values of 𝜏 
 

3 COUPLING OF VISCOELASTICITY AND 
DAMAGE EVOLUTION 
 

The coupling of the damage evolution with the vis-
coelasticity of the model is illustrated with a simpli-
fied model by assuming a form for 𝐸(𝑡, 𝛼) as 

𝐸(𝑡, 𝛼) = 𝐸0(1 − 𝛼)𝑛𝑒
−(

𝑡

𝜏(1−𝛼)𝑘)
,                           (12) 

where 𝐸0, 𝜏, 𝑛, and 𝑘 are model parameters. As 𝛼 
increases from 0 to 1, the terms  (1 − 𝛼)𝑛 decreases. 
Therefore, the modulus of the asphalt concrete re-
duces progressively as 𝛼 increases from 0 to 1. 
Therefore, the damage parameter corresponding to a 
virgin material is taken to be zero, and that corre-
sponding to a fully damaged material is one.  
The coupled governing equations were solved nu-
merically using MATLAB for repeated strain load-
ing: 

𝜀 = 𝜀0 sin 𝜔𝑡.                                                             (13) 
 

 
 
From each cycle of the stress response, the in-

phase component of the first harmonic was divided 
by the strain amplitude to get the apparent storage 
modulus, 𝐸′. Similarly, the out-of-phase component 
of the first harmonic was divided by the strain am-
plitude to obtain the apparent loss modulus, 𝐸′′. 

To demonstrate the coupling between viscoelastic-
ity and fatigue, the viscoelastic properties, specifi-
cally the elastic modulus, 𝐸 and the relaxation time, 
𝜏, were first varied, and their impact on fatigue life 
was analyzed. The variation in the response when 
the parameter 𝐸 was varied while keeping the pa-
rameter 𝜏 constant is shown in Figure 1. Figure 2 
shows the variation in the response with changes in 
the parameter 𝜏, while 𝐸 was kept constant. Changes 
in viscoelastic properties, 𝐸 and 𝜏, are observed to 
cause changes in the rate of decrease in modulus and 
the shape of the 𝐸′ and 𝐸′′ curves. 

The model can also show different variations in 
the evolution of phase angle in repeated loading 
tests. With changes in the parameter, 𝑘, the phase 
angle can increase, decrease, or remain constant. 



This is illustrated in Figure 3 through numerical 
simulations while varying 𝑘 and keeping all the oth-
er parameters constant. When 𝑘 > 0, the phase angle 
increases with the number of cycles. It decreases 
when 𝑘 < 0. Such a coupling between viscoelastic 
properties and the damage parameter is not observed 
in traditional VECD models. 

 

 
Figure 3. Influence of k on phase angle 

4 CONCLUSION 
 
This study introduces a VECD model for asphalt 
concrete that addresses the limitations of traditional 
models based on Schapery's work potential and elas-
tic-viscoelastic correspondence principles. Tradi-
tional VECD models, which decouple viscoelasticity 
from damage mechanics using a pseudo-strain, im-
pose constraints on the evolution of the viscoelastic 
properties during fatigue testing. This study presents 
a new VECD model that fully couples the material's 
viscoelasticity with its damage characteristics 
through a Helmholtz-potential-based thermodynamic 
framework, ensuring consistency with the laws of 
thermodynamics. The developed model effectively 
couples the evolution of the damage parameter with 
viscoelastic properties. This coupling illustrates how 
both viscoelastic properties and damage evolve to-
gether during fatigue tests, highlighting the model's 
ability to reflect the interconnected nature of viscoe-
lastic behavior and damage progression. 
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1 INTRODUCTION  

Cracking is one of the most critical distresses in 
bituminous pavements, driven by various factors such 
as repeated heavy traffic, thermal stresses, and aging 
effects, all of which contribute to pavement deterio-
ration and shortened service life. To mitigate these ef-
fects, considerable attention has been directed toward 
improving the cracking resistance of bituminous mix-
tures during the design phase. While traditional volu-
metric-based mix designs were once sufficient for en-
suring adequate pavement performance, the increased 
complexity of modern bituminous mixtures due to in-
corporating recycled materials, modifiers, and warm-
mix technologies has complicated this process. As a 
result, volumetric evaluation no longer guarantees an 
optimal mix, necessitating the integration of perfor-
mance-based tests to accurately assess these modern 
mixes' cracking potentials. Zhou et al. [1] developed 
the Indirect Tensile Asphalt Cracking Test (IDEAL-
CT) as a practical method for assessing the interme-
diate-temperature cracking resistance of bituminous 
mixtures. The test's simplicity and effectiveness have 
led to its widespread adoption, particularly in the 
United States, where multiple Departments of Trans-
portation have incorporated it into their specifications 
for asphalt mix design. 

 
The IDEAL-CT test quantifies cracking resistance 

using the Cracking Tolerance Index (CT-Index), 
which is calculated based on key parameters such as 
fracture energy (Gf), post-peak displacement at 75% 
of the peak load (l75), and the absolute value of the 
post-peak slope (|m75|). These parameters are sensi-
tive to essential mixture components such as air 
voids, aging, binder type, and aggregate gradation, all 

of which influence cracking resistance. Previous stud-
ies have demonstrated the utility of CT-Index in dif-
ferentiating bituminous mixtures based on their 
cracking potential under various conditions [2]. How-
ever, limited research has explored the combined ef-
fects of aggregate gradation, binder content, and ag-
ing on cracking resistance [3]. Therefore, the current 
study seeks to address this gap by investigating how 
out-of-band aggregate gradations, volumetric proper-
ties, and aging levels impact critical performance pa-
rameters such as CT-Index, |m75|, Gf, and the L75/m75 
ratio in bituminous concrete mixes. The outcomes 
will help refine the mix design process by incorporat-
ing performance-based specifications, thereby en-
hancing the long-term durability of flexible pave-
ments. 

2 OBJECTIVES 

This study aims to investigate the influence of ag-
gregate gradation, volumetric properties, and aging 
on the cracking resistance of bituminous concrete 
mixes. Specifically, it assesses the effects of out-of-
band gradations (using the Bailey method), air void 
content, binder content, and volumetrics on key per-
formance indicators such as the CT-Index, |m75|, Gf, 
and L75/m75 ratio. Additionally, the study examines 
the impact of various aging conditions, such as 
unaged, STA, and LTA, on cracking performance to 
establish performance-based design guidelines for 
enhancing flexible pavements' durability and crack-
ing resistance. 

Experimental Study on the Influence of Out-of-Band Gradations and 
Ageing on Fracture Properties of Asphalt Concrete using IDEAL-CT Test 
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ABSTRACT: The need to enhance the cracking resistance of asphalt mixes under varying conditions of aging 
and traffic loads has become increasingly critical for sustainable pavement performance. This study explores 
the impact of aggregate gradation, volumetrics, and aging on the cracking potential of asphalt mixes, evaluated 
using the Bailey method and IDEAL-CT test. Three gradations were considered, and the mixes were subjected 
to unaged (UA), short-term aged (STA), and long-term aged (LTA) conditions. Gradation-2 showed the best 
cracking resistance, as reflected by the highest CT-Index values, though significant reduction was noted after 
LTA. IDEAL-CT parameters such as |m75|, fracture energy (Gf), and Asphalt Flexibility Ratio (AFR) revealed 
the complex interplay between stiffness, flexibility, and aging effects. The findings underline the importance of 
selecting optimal aggregate gradation and binder content for enhancing long-term durability and resistance to 
cracking in asphalt pavements. 



3 MATERIALS USED  

3.1 Bitumen 
This study utilized a viscosity-graded binder (VG-

40), and its physical properties were tested following 
standard guidelines. The results showed a softening 
point of 51.90°C (ASTM D36-14), ductility greater 
than 100 cm (ASTM D113-17), a penetration of 42.0 
mm (ASTM D5M-20), specific gravity of 1.06 
(ASTM D70-21), and a viscosity of 454 cSt at 135°C 
(ASTM D4402-15). These values confirm the bind-
er's suitability for use in asphalt mixtures. 

3.2 Conventional Aggregates 
The physical properties of the aggregates used in 

this study were tested according to standard guide-
lines. The combined index (flakiness and elongation) 
was 31.04% (IS 2386 Part 1:1963), the aggregate im-
pact value was 18.63% (IS 2386 Part 4:1963), and the 
Los Angeles abrasion value was 27.1% (IS 2386 Part 
4:1963). These results ensure the aggregates meet the 
required criteria for use in the asphalt mix. 

3.3 Aggregate Gradations  
The aggregate gradation conforming to Bitumi-

nous Concrete Grade 2 (BC-II) [4], which is widely 
used as a wearing course for Indian highways, was 
utilized in this study. Gradations, including those out-
side the specified limits, were considered to assess the 
cracking characteristics of asphalt mixtures, as illus-
trated in Figure 1. 

 
Figure 1. Aggregates Gradations Considered for the Study 

3.4 Ratios for Evaluating Gradation 
The Bailey method provides a systematic approach 

for evaluating the gradation of aggregates by breaking 
down the gradation into ratios that reflect different 
portions of the aggregate structure. The Coarse Ag-
gregate Ratio (CAR) evaluates the packing density of 
the coarse aggregate by controlling the volume of 
coarse particles, ensuring that the voids are well-

structured for optimal performance. The CAR typi-
cally ranges between 0.30 and 0.95 for balanced mix-
tures, avoiding excessive voids or over-packing. The 
Fine Aggregate Coarse Ratio (FAc) reflects how the 
coarser portion of the fine aggregate interacts with the 
finer portion, and should remain below 0.50 to pre-
vent tender mixes prone to early failure. Similarly, the 
Fine Aggregate Fine Ratio (FAf) assesses the finest 
portion of the blend, and it is also recommended that 
it be below 0.50 for dense-graded mixes [5]. In this 
study, using Bituminous Concrete Grade 2 (BC-II), 
the calculated ratios are listed in Table 1. 

Table 1. Ratios for Evaluating Gradation 
Gradation CAR FAc FAf 
Mid Gradation 0.32 0.64 0.50 
Gradation 1 0.09 0.64 0.50 
Gradation 2 1.93 0.57 0.50 

4 EXPERIMENTAL PROGRAM, RESULTS, 
AND DISCUSSION 

The three different aggregate gradations, as shown 
in Figure 1, were blended with varying binder con-
tents to determine the Optimum Binder Content 
(OBC) corresponding to a target air void of 4% [6]. 
The associated volumetric properties were then ana-
lyzed. The mixes were produced at the OBC under 
three aging conditions: unaged, short-term aged [6], 
and long-term aged [7], and were tested using the 
IDEAL-CT test at a target air void of 7%. 

4.1 Volumetrics 
The Bailey method offers a structured approach to 

analyzing aggregate gradation using volumetric prop-
erties, which is important in optimizing asphalt mix-
tures. This study analyzed three different gradations, 
resulting in varying optimum binder contents (OBC) 
and volumetric parameters. For the mid-gradation, 
the OBC was determined to be 5.80%, with a void in 
mineral aggregates (VMA) of 15.52% and voids 
filled with bitumen (VFB) of 69%. Gradation-1 
yielded a lower OBC of 5.10%, with a VMA of 
14.75% and a higher VFB of 73%, indicating a better 
fill of voids with asphalt. Conversely, Gradation-2 re-
quired a higher OBC of 6.90%, achieving a VMA of 
15.85% and a VFB of 75%. These findings highlight 
the importance of maintaining an optimal balance of 
air voids and binder content to enhance the perfor-
mance of asphalt mixes, particularly in relation to du-
rability and resistance to aging under different condi-
tions. All three gradations resulted in the marshall 
stability greater than 15KN and flow value less than 
4mm at their corresponding OBC. 



4.2 Marshall Stability and Flow 
Figure 2 highlights the effects of MSWI-BA re-

placement on Marshall Stability and Flow. The mix 
with 10% MSWI-BA showed a slight improvement in 
stability compared to the control mix (CM), but sta-
bility declined as MSWI-BA content increased fur-
ther, attributing the decline to increased binder film 
thickness and smoother MSWI-BA particles, which 
reduce interparticle friction and bonding. Flow values 
mostly remained acceptable, except for mixes with 
40% and 50% replacement, where flow exceeded 5 
mm, indicating a potential for increased rutting sus-
ceptibility. 

4.3 IDEAL-CT Test  
The IDEAL-CT test is crucial in this study as it 

evaluates the cracking resistance of asphalt mixtures, 
providing insights into their performance under real-
world conditions. Given the variations in aggregate 
gradations and binder content, the IDEAL-CT test is 
an effective method for assessing how these factors 
influence the fracture characteristics of the asphalt 
mixes. By targeting specific air void contents of 7% 
in this case, the test helps determine the optimal bal-
ance between durability and flexibility in the asphalt 
mixes. The outcomes of the IDEAL-CT test will in-
form the suitability of the evaluated gradations and 
binder contents, guiding future mix designs to en-
hance resistance to cracking and extend the service 
life of pavements, especially under varying aging 
conditions. 

The various parameters derived from the IDEAL-
CT test, including the CT-Index, |m75|, Gf (N/m²), and 
Asphalt Flexibility Ratio (AFR), play a crucial role in 
analyzing the cracking potential of asphalt mixes. The 
CT-Index provides insight into the material's perfor-
mance at intermediate temperatures, indicating its 
susceptibility to cracking. The |m75| parameter 
measures the slope of the load-displacement curve, 
reflecting the stiffness of the asphalt mix. At the same 
time, Gf quantifies the energy required to propagate a 
crack, thereby assessing the material's toughness. 
L75/m75 offers a ratio of loading at the critical point, 
which helps evaluate the mix's resistance to defor-
mation, and the AFR highlights the balance between 
flexibility and strength in the mix [2]. Collectively, 
these parameters enable a comprehensive assessment 
of the material's ability to withstand thermal and me-
chanical stresses, ensuring long-term durability. Lit-
erature indicates that mixes exhibiting favourable 
IDEAL-CT results, characterized by optimal values 
across these parameters, tend to demonstrate en-
hanced resistance to cracking. Thus, understanding 
and optimizing these parameters is essential for de-
veloping asphalt mixes that maintain pavement integ-
rity over time, particularly given the influence of var-
iations in aggregate gradations and binder contents on 

performance. The IDEAL-CT test results are tabu-
lated in Table 2. 

 
Table 2. IDEAL-CT test results 

Grada-
tion 

Ageing CT-
Index 

|m75| Gf 

(Nm-2) 
AFR 

Mid Gra-
dation 

UA 13.9 6.0 3976.8 0.35 
STA 14.7 7.1 4445.8 0.33 
LTA 11.8 8.1 4410.5 0.27 

Grada-

tion 1 

UA 10.8 7.8 3986.8 0.28 
STA 20.2 6.3 5455.0 0.38 
LTA 7.1 10.7 3745.4 0.20 

Grada-

tion 2 

UA 30.0 5.0 4821.8 0.63 
STA 24.4 5.3 4907.9 0.51 
LTA 14.4 6.8 4449.4 0.33 

The IDEAL-CT test results comprehensively ana-
lyze the cracking performance of asphalt mixes, re-
vealing strengths and limitations across different gra-
dations and aging conditions. The mid-gradation 
exhibits a CT-Index of 13.9 for the UA sample, indic-
ative of moderate resistance to cracking. This value 
increases to 14.7 under STA, suggesting a beneficial 
impact of initial binder hardening. However, the sub-
sequent drop to 11.8 in LTA raises concerns about du-
rability. This decline suggests that while the mix may 
perform adequately initially, prolonged exposure to 
environmental factors leads to brittleness and crack-
ing susceptibility. The |m75| values, which reflect the 
material's stiffness, show an increasing trend from 
UA (6.0) to LTA (8.1), reinforcing that as the mix 
ages, it becomes stiffer, diminishing its ability to 
withstand thermal stresses. 

In contrast, Gradation-1 presents a more complex 
picture. The CT-Index peaks at 20.2 under STA, indi-
cating exceptional resistance to cracking, likely due 
to the optimal binder content that enhances the mix's 
ductility. However, this impressive performance is 
short-lived; the LTA sample drops to 7.1, suggesting 
that while the mix initially demonstrates high re-
sistance, it becomes increasingly brittle over time. 
This inconsistency in performance under varying ag-
ing conditions indicates that the mix may not be well-
suited for long-term applications without additional 
modifications to enhance durability. The |m75| values 
for Gradation-1 remain relatively high across aging 
conditions. Yet, the Gf values reinforce a concerning 
trend: they peak at 5455.0 N/m² under STA but drop 
significantly to 3745.4 N/m² under LTA, indicating a 
reduced energy absorption capacity that compromises 
the mix's resilience against cracking. 

Gradation-2 shows the most alarming results. The 
UA sample boasts a CT-Index of 30.0, signaling ex-
cellent cracking resistance. However, the correspond-
ing low |m75| value of 5.0 suggests that this mix may 
have inadequate stiffness despite its toughness in re-
sisting deformation effectively. The CT-Index de-
creases to 14.4 as aging progresses, signaling a 



significant performance loss. The increasing |m75| 
value to 6.8 under LTA indicates a trend toward in-
creased stiffness but raises questions about the mix's 
ability to adapt to stress without failing. This contrast 
between high toughness and low stiffness is particu-
larly troubling, as it suggests that while the mix may 
initially resist cracking, it could become overly brittle 
with time. 

The L75/m75 ratio across the gradations further 
complicates the analysis. The low and consistent ratio 
across aging states suggests ineffective stress distri-
bution for mid-gradation, likely leading to localized 
failure. In Gradation-1, the ratio shows variability that 
hints at improved load distribution under STA but de-
teriorates under LTA, indicating a loss of balance in 
the aggregate structure as aging occurs. Gradation-2, 
despite its high initial CT-Index, demonstrates a po-
tential imbalance with low |m75|, which can result in a 
brittle failure mechanism due to an inability to distrib-
ute applied loads effectively. 

The AFR is an essential metric for evaluating the 
flexibility-to-strength balance within each mix. Mid-
gradation maintains an AFR between 0.25 and 0.35, 
suggesting a marginal balance vulnerable to aging-in-
duced failures. Gradation-1 increasing AFR under 
STA indicates a temporary balance between flexibil-
ity and strength; however, the significant drop to 0.18 
under LTA underscores the mix's compromised duc-
tility as it ages. In contrast, Gradation-2 exhibits a 
high AFR, particularly in the UA condition (0.59), re-
inforcing its initial flexibility. Yet, the decline to 0.31 
under LTA suggests an alarming shift toward brittle-
ness, raising concerns about its long-term viability. 

Overall, while the IDEAL-CT parameters provide 
valuable insights into the cracking potential of asphalt 
mixes, they also reveal critical vulnerabilities that 
must be addressed in the design process. The data in-
dicate that mixes that perform well under initial con-
ditions can become severely compromised with ag-
ing, underscoring the need for a multifaceted 
approach in the mix design. This necessitates careful 
consideration of gradation, binder content, and aging 
effects to ensure the long-term durability and perfor-
mance of asphalt pavements. Without such consider-
ations, premature cracking and structural failure 
risk increases significantly, exposing the pavement 
system to danger or risking its integrity. 

5 CONCLUSIONS 

This study highlights the critical role of aggregate 
gradation, aging, and IDEAL-CT parameters in deter-
mining the cracking resistance of asphalt mixes. Us-
ing the Bailey method, it was found that optimized 
gradation improves aggregate packing and volumet-
ric properties. Gradation-2, with the best packing 
structure, exhibited the highest initial cracking re-
sistance but significantly declined under LTA. 

Gradation-1 performed well under STA but became 
brittle with LTA, as reflected by its reduced CT-Index 
and AFR. 

Aging effects were significant across all grada-
tions, with STA improving cracking resistance while 
LTA led to increased stiffness (higher |m75| values) 
and reduced flexibility. This was evident in reduced 
fracture energy (Gf) and CT-Index for all mixes under 
LTA, highlighting the need to balance stiffness and 
flexibility in mix designs carefully. The study under-
scores the importance of optimizing aggregate grada-
tion and binder content and accounting for aging ef-
fects to achieve durable asphalt pavements with 
balanced cracking resistance and flexibility. 
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1 INTRODUCTION 

Significant energy consumption is involved during 
the production of bituminous mixtures mainly from 
oil refineries and asphalt mixing plants, making it 
the second most energy-intensive industry (Zapata & 
Gambatese, 2005). Higher bitumen production tem-
peratures result in considerable energy demand for 
heating aggregates and binders, leading to high 
greenhouse gas emissions. By lowering production 
and compaction temperatures by 30 to 50°C com-
pared to conventional hot mix asphalt (HMA), 
WMA not only reduces emissions but also improves 
workability, minimizes aging and facilitates cold 
weather paving (Milad et al., 2022). 
Fatigue cracking is one of the major modes of dis-
tress in bituminous pavements (IRC 37, 2018). The 
healing potential of asphalt mixtures refers to their 
ability to repair cracks during rest periods between 
traffic loads. Self-healing is a process by which the 
micro-cracks caused due to the traffic gradually 
close and restore the material's properties without 
external intervention (Pronk, 1997; Wang et al., 
2018). This results in improved stiffness and fatigue 
resistance in the pavement.  
Discrepancies between laboratory-based predictions 
and field performance of bituminous mixes general-
ly happen due to various reasons such as differences 
in loading mode, moisture susceptibility, environ-
mental conditions and construction aspects. One crit-
ical reason for the underestimation of fatigue life in 
laboratory settings is the failure to incorporate the 
self-healing properties of asphalt binders. Introduc-

ing a rest period during the fatigue test has been 
found to expedite damage recovery in bituminous 
material (Xie et al., 2017). This also replicates the 
intermittent loading conditions experienced in the 
field and thus better captures the stiffness modulus 
which correlates well with field performance.  

Gupta et al. (2023) explored the healing potential 
of reclaimed asphalt pavement (RAP) binders blend-
ed with different rejuvenators using the Linear Am-
plitude Sweep test, both with and without rest peri-
ods. It was observed that the inclusion of rest 
periods significantly enhanced the healing potential 
of the binders. A study by Yue et al., (2021) on Sa-
sobit and polymer modifiers on asphalt binders re-
ported that healing potential varied depending on the 
binder’s composition. Pang et al. (2012) explored 
the self-healing capabilities of asphalt binders and 
determined that aging and SBS modification had a 
notable impact on healing. The study also observed 
that extended rest periods delayed the crack for-
mation and subsequently increased the service life.  

Despite significant advancements in evaluating 
the fatigue performance of warm mix asphalt bind-
ers, investigating their self-healing potential remains 
relatively underexplored. The present study aims to 
evaluate the healing potential of an unmodified 
binder blended with a WMA additive. For this pur-
pose, the conventional LAS test has been modified 
to incorporate rest periods of varying durations. This 
approach will allow a quantification of the relative 
healing behavior of the binder with and without 
WMA additive.  
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ABSTRACT: Discrepancies between laboratory-based predictions and field performance of asphalt mixes in 
terms of fatigue life can be reduced by taking into account the self-healing characteristics of asphalt in ex-
perimental protocols. In this study, the healing potential of an unmodified binder is quantified both in the 
presence and absence of a warm mix additive (WMA). During the test, rest periods of varied durations (10 
and 30 minutes) are introduced at 25% and 75% of damage levels prior to reaching failure to examine their 
influence on the further evolution of damage. It was observed that the addition of the WMA resulted in an 
improved healing index of the unmodified binder at different damage levels pre-failure. The results suggest 
the potential of WMA additives to enhance the healing of bituminous mixes in addition to their established 
benefits in lowering temperatures. 



 

 

2 EXPERIMENTAL INVESTIGATION                           

This study is carried out on a VG-40 binder (IS  
73, 2013), and this base binder is blended with a 
chemical warm mix additive in order to prepare the 
warm mix binder. Prior to the addition of the WMA 
additive, the base binder was heated at 120°C in the 
oven for 30 minutes. Further, 0.1% of WMA addi-
tive by the weight of the binder was added and the 
mix was blended at a constant speed in a shear mix-
ture at 120oC for 10 minutes. The binders, viz, VG-
40 and VG-40+0.1% WMA additive, are further re-
ferred to as VG-40 and VG-40+WMA, respectively. 
Table 1 and Table 2 show the properties of the 
WMA additive and the bituminous binders respec-
tively.  

Table 1. Properties of the WMA additive 
Properties of WMA ad-
ditive Values 

Physical State Liquid 
Color Pale Yellow 
Odour Slight Aromatic 
Melting Point (0C) -10 
Boiling Point (0C) 200 
Density (g/cm3) 1.03 
Water Solubility Soluble 

Table 2. Physical Properties of Binders 

Tests 
Binders 

VG-40 VG-40 + WMA 
additive 

Specific gravity 1.03 1.03 
Softening point (◦C) 53 52 
Penetration grade at 

25◦C (0.1 mm) 51 49 

Rotational viscosity 
(@135 ◦C) (cP) 625 500 

 

2.1 Continuous LAS test 
The LAS test was conducted in accordance with 
AASHTO TP 101 (2014) wherein, the fatigue en-
durance of bituminous binders was estimated under 
the application of a continuous linearly ramping 
strain amplitude. In this investigation, the LAS tests 
were carried out using an Anton Paar MCR 302 dy-
namic shear rheometer (DSR) with an 8 mm parallel 
plate geometry and 2 mm gap setting at the interme-
diate temperature of 25oC.  

 
The LAS test was performed on long-term aged 

binders. During the LAS test, the binder was sub-
jected to oscillatory shear loading, and the strain 
amplitude increases linearly from 0 to 30% over 
3,100 cycles. During the test, peak stress and strain 
are captured every 10 cycles, and the dynamic shear 
modulus and phase angle are calculated for all these 
cycles.  

Before the LAS test, a frequency sweep was per-
formed to obtain information on the undamaged ma-
terial parameters, such as the complex shear modu-
lus. A frequency sweep test was conducted by 
applying an oscillatory shear at 0.1% strain ampli-
tude across a range of frequencies that range from 
0.2 to 30 Hz at 25oC.   

2.2  LAS test with rest periods 
The healing-based LAS test procedure comprises 

two distinct steps. Initially, a standard continuous 
LAS test is conducted without any interruption. The 
damage accumulation in the material is denoted as 
the damage level (S), with 𝑆𝑓 representing the criti-
cal threshold for failure.  Further, rest periods are in-
troduced at 25% and 75% of 𝑆𝑓, respectively, prior 
to reaching failure to examine their impact on the 
further evolution of damage. Varied rest periods (10 
and 30 minutes) are tested at each damage level to 
analyze their effects on the binder response.  

2.3 Data Analysis 
  The viscoelastic continuum damage (VECD) 

concept is used to analyze the LAS test data (Bhasin 
et al., 2008; Karki et al., 2017). As per AASHTO TP 
101, the damage accumulation in the sample is de-
termined using Equation 1, 

          (1)       

where 𝐶(𝑡) is given by Equation 2. 

                           (2)   

Pseudo stiffness (C(𝑡)) is calculated as the ratio of 
the dynamic shear modulus |𝐺∗ | at time, 𝑡, and the 
“undamaged” initial modulus (|𝐺∗ |). 𝛾0 is the applied 
strain for each data point (% strain), and ‘𝛼’ is ob-
tained from the frequency sweep test. As seen from 
Equation (1), the total damage at 30% stain is the 
summation of the damage occurring in the material 
at each strain increment.  The relationship between 
C(𝑡) and D(𝑡) is modeled using a power law function 
given by Equation 3. 

                                     (3)                                                                                                                                       

where 𝐶0 takes the value 1, and 𝑎, 𝑏 are constants. 
The value of D(t) at failure is denoted by 𝐷𝑓 and is 
computed as Equation 4.  

                              (4)                                                                                                                          

The plot of Damage (D) vs Pseudo stiffness (C) is 
referred to as the damage characteristic curve 
(DCC).  



 

 

 

 

 

Figure 1. DCC curves with and without rest period 

                                                                 
                                                                   (5) 
 
 
The calculation of healing (%𝐻), involves the 

damage (S) values before (𝑆1) and after (𝑆2) the rest 
period and is given in Equation 5. 

3 RESULTS AND DISCUSSIONS 

3.1 Continuous LAS test  
Figure 2 shows the Damage Characteristic Curve 
(DCC) for the binders in a continuous LAS test. It 
can be observed that the addition of a WMA additive 
to an unmodified binder has improved the stiffness 
of the binder at higher damage levels. 

 
 
                                                                                                                                                                                                               
 
                                                                                                                                                                                
 
 
 
 
 
 
 
Fig 1. Stress-Strain Curves 

Figure 2. Damage Characteristic Curves for binders 
 
3.2 LAS test with rest periods 
Figure 3 shows the results of the continuous LAS 

test and the LAS test with a rest period for both 
VG40 and VG40+WMA. Here, the rest period is ap-
plied at 25% Sf.  It can be observed that when rest 
periods are applied at an early stage of damage 
(25%Sf), there is a complete recovery in the damage 
in both binders. Notably, the extent of stiffness re-
covery increases with the length of the rest periods. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. DCC at 25% Sf 
 

It can be noted that the damage recovery has im-
proved by adding a WMA additive to the VG40.  
The stiffness (C) in the WMA blended VG40 has al-
so improved. At the same damage intensity, VG40 
+WMA has better stiffness as compared to an un-
modified binder. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. DCC at 75% Sf 
 

It is observed from Figure 4 that the application 
of rest periods at higher damage levels (75% Sf) has 
a lesser impact on the healing of the binders. When 
rest period is given at 75% Sf, stiffness recovery is 
lower than that at 25% Sf. Also, the damage recov-
ery is much lower. It can be noted that the rest peri-
od duration is also less significant at higher damage 
levels. The addition of WMA has resulted in better 
stiffness and damage recovery even at 75% Sf. This 
underscores the potential of WMA additives to en-
hance the healing of binders in addition to their  
well-known benefits in reducing working tempera-
tures. 

 
3.3 Calculation of healing Index 
 
The healing index (%) was evaluated for VG40 and  
VG40+WMA at two different damage levels (25%, 
and 75% Sf) and rest periods (10 and 30 minutes) as 
presented in Table 3.  

 



 

 

Table 3. Healing Index 

Healing Index (%) 

Binder %Sf 
Rest period (minutes) 

10 30 

VG40 
25 85 100 
75 46 57 

VG40+
WMA 

25 100 100 
75 53 57 

 
The healing percentage shows that the ability of 

the binder to heal, diminished with an increase in the 
damage levels, possibly due to excessive internal 
damage that cannot be reversed during the given rest 
periods. Also it can be observed that incorporating 
WMA additives into VG40 improved its healing per-
formance across all damage levels.  

4 CONCLUSIONS 

• Application of rest periods during the LAS 
test results in binder healing and enhanced 
stiffness during the rest of the test. 

•  It is understood that the application of rest 
periods at higher levels of damage has a re-
duced effect on the healing of binders.  

• The addition of the WMA additive has im-
proved the healing index of VG40 at all the 
damage levels pre-failure.  

• The results highlight the potential of WMA to 
enhance healing in binders, in addition to its 
established benefits in lowering working 
temperatures. 
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1 INTRODUCTION 

Numerical investigations of the structural behaviour 
of road pavements are frequently subject of research. 
Many of the studies primarily focus on detailed mod-
elling of the pavement-tyre interaction or the realistic 
modelling of the pavement surface materials, usually 
asphalt. On the contrary, the subsoil, as an essential 
part of the road pavement, is typically simplified as a 
linear-elastic material. In reality, however, the behav-
iour of the soil is highly inelastic and non-linear. Un-
der cyclic loading, for instance, plastic deformations 
may accumulate in the soil, potentially contributing 
to a damage in the road pavement.  

In this study a numerical analysis, in which the 
subsoil is incorporated into a holistic FE model of the 
road pavement using an advanced material model, is 
used to analyse the influence of the soil behaviour on 
the deformation of the pavement surface. Based on 
the obtained results, a simplified surrogate soil model 
is calibrated and subsequently compared with the re-
sults of the advanced model. 

2 FINITE ELEMENT MODEL 

2.1 Geometry 
A three-dimensional FE model was created to realis-
tically model a truck tyre crossing a section of a road 
pavement. The model dimensions and the mesh were 
determined in advance in a parameter study and are 

shown in Figure 1, along with the selected boundary 
conditions and the geometry of the road pavement. 

The road pavement was designed in accordance 
with the German guideline for the standardization of 
the road pavement for traffic areas (RSt0, 2012). An 
asphalt construction method with an asphalt base 
course on a frost protection layer of the load class 
BK100, which is commonly used for heavily traf-
ficked motorways, was chosen for the road pavement. 
According to the RSt0 (2012), this construction 
method requires an asphalt layer with a total thickness 
of d1 = 0.34 m and a frost protection layer of at least 
d2 = 0.31 m. 
 

 
Figure 1. Dimensions, mesh and boundary conditions for the 3D 
finite-element model in the cross and longitudinal section. The 
mesh consists of 73,440 linear hexahedral elements and 82,422 
nodes.  
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ABSTRACT: The subsoil beneath the road pavement is often simplified as a linear-elastic material, although 
real soils can behave in a non-linear and inelastic manner. This study presents a numerical analysis of a road 
pavement behaviour under repeated tyre loads, focusing on incorporating realistic soil behaviour for the subsoil. 
A three-dimensional finite element model of the road pavement is employed, featuring a typical pavement 
structure that includes the asphalt, the frost protection layer and the subsoil, which is modelled using an ad-
vanced hypoplastic model. The results show that during repeated wheel loads, the soil’s state variables undergo 
only minor changes, implying that the stiffness of the subsoil does not change significantly. Consequently, a 
simplified surrogate soil model can be used to effectively replicate the deformation predictions of the advanced 
hypoplastic model. 



2.2 Modelling the tyre-pavement interaction 
A simplified approach was chosen to model the load 
caused by a rolling tyre. Instead of modelling the 
whole tyre, the contact stresses between the tyre and 
pavement were applied in the FE model, similar to the 
study by Hu & Walubita (2011). Both the vertical and 
horizontal contact stresses that occur while driving 
were taken into account, see Figure 2. According to 
Hu & Walubita (2011), the horizontal contact stresses 
σh,x and σh,y correspond to 12% and 30% of the verti-
cal contact stress σv, respectively. The vertical contact 
stress was calculated to σv = 400 kPa, assuming a tyre 
load of F = 50 kN and a contact area of 0.25 x 0.50 m. 
 

 
Figure 2. Simplified modelling approach for the contact stresses 
between tyre and pavement, illustrating vertical and horizontal 
contact stresses acting along and transverse to the direction of 
travel, based on Hu & Walubita (2011).  

2.3 Material models  
The investigation focuses on the material behaviour 
of the subsoil beneath the road pavement rather than 
the material behaviour of the individual layers. There-
fore, the asphalt and frost protection layers were mod-
elled as isotropic linear-elastic materials. The elastic-
ity parameters for asphalt depend on variety factors, 
including composition, temperature and load fre-
quency. According to the study by Leutner et al. 
(2006), the Young’s modulus of asphalt can be as-
sumed as 10,000 MPa with a Poisson’s ratio of 0.3. 
The elastic parameters for the frost protection layer 
were defined as E = 150 MPa and ν = 0.3. 

The hypoplastic material model proposed by von 
Wolffersdorff (1996) with the extension of the Inter-
granular Strains by Niemunis & Herle (1997) and the 
modification by Wegener & Herle (2014) was used to 
realistically model the subsoil behaviour under cyclic 
loading. The material parameters for the basic hypo-
plastic model were calibrated in advance for a sand-
fines mixture using standard classification tests, as 
well as oedometer and triaxial compression tests. The 
parameters for the Intergranular Strain extension 

were adopted from Abdelkadr (2023), who calibrated 
a similar soil with comparable grain size distribution. 
A summary of all used material parameters is given 
in Table 1. 
 
Table 1.  Summary of the used material models and 
parameters __________________________________________________ 
Layers         Value     Unit __________________________________________________ 
Asphalt*  

Density        2500      kg/m3  
Thickness       0.34      m 
Young’s modulus E   10,000     MN/m2 

Poisson’s ratio ν     0.3      - __________________________________________________ 
Frost protection 

Density        2200      kg/m3  
Thickness       0.30      m 
Young’s modulus E   150      MN/m2 

Poisson’s ratio ν     0.3      - __________________________________________________ 
Subsoil 

Density (dry)      1900      kg/m3 
Thickness       6.0      m  
Hypoplastic model parameters (Wolffersdorff 1996)  
 φc         34.3      ° 
 ei0         1.332      - 
 ec0         1.110      - 
 ed0         0.476      - 

hs         8300      kPa 
n         0.329      - 
α         0.11      - 
β         4.80      -   

 Intergranular Strain Extension (Niemunis & Herle 1997)**  
  R         1x10-4     - 
  mR        4.0      - 
  mT        2.8      - 

βr         0.05      - 
χ         1.0      -  

Extension by Wegener & Herle (2014)**  
υ         10.0      - 

__________________________________________________ 
* Asphalt material parameters adopted from Leutner et al. 
(2006) 
** Intergranular Strain parameters adopted from Abdelkadr 
(2023) 

2.4 Initial state and calculation procedure 
The mechanical behaviour of the soil highly depends 
on its state variables such as the soil’s void ratio and 
the effective stresses. These quantities need to be pre-
scribed. For this reason, a calculation step was carried 
out in which the gravity was gradually increased to 
generate the initial stress state with the defined 
weights of the overlaying pavement. The void ratio at 
the start of the calculation was specified so that the 
soil reaches a relative density of ID = 0.95 after the 
increase in gravity, representing a realistic density of 
the soil after compaction prior to the construction of 
the actual road pavement. The simulations were car-
ried out using the finite element code TOCHNO Pro-
fessional by Roddemann (2022). 



3 RESULTS 

3.1 Stress evolution and propagation 
The stresses in the subsoil and the road pavement 
caused by a passing tyre are shown in Figure 3. In 
Figure 3a it can be seen, that as the tyre travels over 
the road pavement the principle stress state undergoes 
a rotation, which is characterized by the development 
of shear stresses. The change of the stress state in the 
subsoil is mainly caused by the change in the vertical 
stress, while the changes in the horizontal and shear 
stresses are small. This indicates that the asphalt layer 
functions as a load distributing layer, significantly re-
ducing the impact of the tyre load on the frost protec-
tion layer and the subsoil, see Figure 3b.  
 

 
Figure 3. Stresses in a road pavement caused by a passing tyre: 
a) Evolution of additional stresses in the subsoil and b) the max-
imum additional vertical stress in the road pavement along axis 
A (directly under the tyre load) and axis B and C (located 0.25 
m and 0.75 m away from the tyre load, respectively). 

3.2 Evolution of state variables 
In addition to the mechanical stresses, the density – 
expressed by the void ratio – plays an important role 
in the mechanical behaviour of the soil. Laboratory 
tests have shown that soil tends to densify when sub-
jected to cyclic shearing. Since shear stresses occur in 
the subsoil, the evolution of the void ratio caused by 
multiple tyre passages is shown in Figure 4a. The di-
agram illustrates that there is indeed a compaction of 
the soil, as the void ratio decreases with an increasing 
number of cycles. However, the change in the void 
ratio is negligible when compared to the limits ec0 and 

ed0 given in Table 1. This indicates that, for a low 
number of cycles, the void ratio can be assumed to 
remain constant. 

Figure 4b shows the evolution of the intergranular 
strain tensor expressed by the state variable ρ, which 
can be interpreted as the mobilization of the inter-
granular strains. ρ ranges between 0 and 1 and signif-
icantly influences the stiffness of the subsoil. The 
blue curve represents the evolution of ρ starting from 
an initial state that resulted from a gradual increase in 
gravity. In contrast, the red curve shows the evolution 
of ρ when the initial state was reset to zero after the 
increase in gravity but before the cyclic loading be-
gins. Both curves tend to converge towards a quasi-
static state after two cycles, which means that the in-
tergranular strain tensor remains constant and there-
fore the stiffness of the soil does not change with the 
strain increments anymore. This effect is independent 
of the initial state of the intergranular strain tensor.  
 

 
Figure 4. Evolution of state variables in the subsoil over the 
course of 10 tyre passages: a) void ratio and b) mobilization of 
the intergranular strain tensor. 

3.3 Surrogate soil model 
In the previous sections it has been shown that, the 
state variables do not change much after two cycles 
and therefore the stiffness of the soil can be consid-
ered constant. It is convenient to model the soil be-
haviour as a linear elastic material with a constant 
Poisson’s ratio and a stress dependent Young’s mod-
ulus E, which can be calculated from Equation 1. 

E = Eref (
p'

pref
' )

α
               (1) 



The parameters of this stress dependent linear elas-
tic model were calibrated using the results of the FE 
simulation with the hypoplastic model. For this pur-
pose simulations of one-dimensional compression 
tests (oedometer test) with the hypoplastic model and 
the linear-elastic model were performed. The state 
variables after the ninths cycle were used as initial 
conditions for the oedometer tests. The parameters of 
the linear elastic model were adjusted to reproduce 
the stiffness calculated by the hypoplastic model with 
special emphasis to the low stress levels that the soil 
experiences underneath the road pavement, see Fig-
ure 5. 
 

 
Figure 5. Calibration of the stress dependent linear elastic model 
parameters using oedometer tests (ν = 0.3, Eref = 320,000 kPa,  
p’ref = 20 kPa and α = 0.3). 
 

 
Figure 6. Comparison of the maximum vertical deformations in 
one cycle along the axes A, B, C calculated by the hypoplastic 
model and the stress dependent linear elastic model after modi-
fication of the parameters. 
 
After calibrating the parameters of the elastic model, 
another simulation of the road pavement was per-
formed. Figure 6 shows the maximum vertical defor-
mation predicted by both the hypoplastic and elastic 
models. The elastic model was able to replicate the 
deformation behaviour in one cycle along the axes 
A,B, C quite well, after slightly adjusting the param-
eters to: ν = 0.3, Eref = 240,000 kPa, p’ref = 20 kPa and 
α = 0.2. 

4 CONCLUSION 

This study presented a numerical analysis of the road 
pavement behaviour, focusing on the integration of a 
realistic soil behaviour using an advanced hypoplastic 
material model for the subsoil. 

The evolution of the state variables in the hypo-
plastic model under repeated wheel loading was eval-
uated. It was observed that, although the void ratio 
decreased, indicating compaction, the density change 
was minimal. Additionally, the intergranular strain 
tensor reached a quasi-static state after a few cycles 
and showed minimal variation thereafter. From these 
observations, it can be concluded that the stiffness of 
the subsoil can be effectively represented using a lin-
ear elastic model, provided that only a limited number 
of cycles are considered and the changes of the state 
variables remain small.  

Using the results from the advanced hypoplastic 
model, a simplified surrogate soil model was cali-
brated, effectively replicating the deformation predic-
tions of the hypoplastic model. 
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1 INTRODUCTION 
Cracking is a prevalent distress in asphalt concrete 
(AC) pavements, arising from tensile forces induced 
either by vehicular loads or temperature variations. 
While AC withstands compressive stresses well, it is 
inherently weak under tensile loading, leading to 
mode I fracture at critical tensile strain regions, such 
as the bottom of the AC layer. Cracks nucleate at the 
binder scale, where microcracks coalesce into mac-
rocracks. Traditional dynamic shear rheometer (DSR) 
tests evaluate binders within the linear viscoelastic 
(LVE) range but fail to capture higher, nonlinear 
strain behavior (Hajj et al. 2018). To address this, the 
poker chip test has emerged as a reliable method for 
evaluating cracking resistance, offering realistic duc-
tility measurement compared to bulk testing (Vyas et 
al. 2023). Though effective at the binder scale, its ap-
plication at the fine aggregate matrix (FAM) and AC 
scales remains underexplored, with the only known 
study taking place more than 40 years ago (Bynum, 
1979). 

Various tests have been developed to evaluate as-
phalt concrete (AC) cracking resistance at intermedi-
ate temperatures. Strength-based tests, such as the In-
direct Tensile Strength (IDT) and IDEAL-CT, assess 
cracking potential by applying compressive loads to 
cylindrical specimens, inducing tensile stresses along 
the horizontal diameter. However, concerns remain 
regarding the efficacy of these tests for ductile AC 
mixtures, as they produce non-uniform strain distri-
bution and permanent deformation beneath the load-
ing strip (Al-Qadi et al. 2022). The Illinois Flexibility 
Index Test (I-FIT) (Ozer et al. 2016), a notch-based 
SCB fracture test, effectively captures crack 

propagation but places less emphasis on crack initia-
tion. Studying crack initiation effectively requires 
evaluating AC properties in an undamaged state, free 
from notch-induced effects. Additionally, energy dis-
sipated during testing should be solely attributed to 
crack initiation and propagation, necessitating a test-
ing mechanism involving pure tensile loading. 
 

 
Figure 1. Isolating crack initiation and propagation. 
 

To isolate the crack initiation process, a Direct 
Tension (DT) test, hereafter referred to as the Asphalt 
Concrete (AC) poker chip test, was employed. The 
test involves applying uniaxial tension to an AC spec-
imen sandwiched between two metal plates under dis-
placement control. Initially used during the SHRP 
studies in the 1990s, the DT test faced challenges with 
eccentric loading and complex specimen preparation. 
However, this test holds potential for studying crack 
initiation and total energy dissipation, if conducted 
diligently. This study reintroduces the AC poker chip 
test (Bynum 1979), evaluating different aspect ratios 
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ABSTRACT: Mode I fracture in flexible pavements occurs due to the inability of asphalt concrete (AC) mix-
tures to resist tensile stresses. At binder scale, microcracks nucleate and gradually coalesce into macrocracks at 
mixture scale. Various laboratory test procedures have been developed to simulate cracking behavior. This 
study reintroduces the AC poker chip test to evaluate cracking mechanisms in three AC mixes with varying 
Recycled Asphalt Pavement (RAP) content and compares the energy dissipated curves with two additional test 
methods: Indirect Tensile Test (IDT) and Illinois Flexibility Index Test (I-FIT). The results indicate that the AC 
poker chip test is a useful test geometry, as it allows for total energy dissipation into crack initiation and prop-
agation. Specimens with higher aspect ratios were better suited for testing due to more uniform stress distribu-
tions. Finally, a unified energy-based characterization revealed that high RAP mixtures require greater energy 
for crack initiation but exhibit brittle crack propagation behavior. 
 



and analyzing stress distribution using finite element 
modeling (FEM), aiming to develop a unified energy-
based characterization (Figure 1) by combining crack 
initiation and propagation mechanisms. This creates a 
framework for further studies of the direct tensile be-
havior of AC mixes and the use of a triaxial state of 
stress in evaluating combined tensile/shear cracking 
in AC. 

2 MATERIALS AND MIX DESIGN 
 
A U.S. Federal Aviation Administration P-401 mix, 
designed using Type 2 gradation, was obtained from 
an airport paving contractor. Component materials—
aggregates, binder, and anti-strip additives—were 
collected. Two additional AC mixtures were designed 
by incorporating 10% and 30% RAP into the control 
P-401 mix with no RAP. Figure 2 presents aggregate 
gradation curves within FAA specification limits.  

 
Figure 2. Gradation curves. 
 

Aggregates were dried at 110°C for 24 hours, 
while recycled materials were dried at 50°C for 72 
hours with periodic stirring. A Performance Grade 
(PG) 76-28 binder, modified with Styrene-Butadiene-
Styrene (SBS), was used. To enhance adhesion and 
prevent stripping, a 0.4% liquid anti-strip additive (by 
binder weight) was added. Mixing and compaction 
temperatures were 173°C and 163°C, respectively. 
Short-term aging (STA) was performed at compac-
tion temperature for one hour. Specimens were com-
pacted using 75 gyrations with a Superpave Gyratory 
Compactor (SGC) to achieve 3.5% air voids and 
≥15% Voids in Mineral Aggregates (VMA), per P-
401 standards. The volumetric compositions of the 
mixes are shown in Table 1. 
 
Table 1.  Mix design parameters. 

Mix type Control P-401 P-401(10%RAP) P-401(30%RAP) 
Binder PG 76-28 PG 76-28 PG 76-28 
Pb (%) 6.2 6.2 6.2 
Anti-strip 0.4% 0.4% 0.4% 
ABR (%) 0 9.65 28.97 
Va (%) 3.46 3.53 3.51 
VMA (%) 15.84 15.73 15.47 

*  Pb = Percent binder, ABR = Asphalt Binder Replacement, Va 
= Air voids, VMA = Voids in Mineral Aggregates. 
 

 
3.  AC POKER CHIP TEST 

3.1   Specimen preparation 
AC cylindrical specimens with dimensions of 150 
mm in diameter and 180 mm in height were prepared. 
Specimens were cored from the center and saw-cut 
into dimensions of 100 mm in diameter and 150 mm 
in thickness, ensuring that air voids met the require-
ment of 7 ± 1%. Subsequently, these specimens were 
further saw-cut at the midpoint to produce two speci-
mens with dimensions of 100 mm × 50 mm and 100 
mm × 25 mm. Two replicates were prepared for each 
mixture. Prior to the gluing process, all specimens 
were dried under a fan for a minimum of 24 hours to 
eliminate surface moisture. A high-strength epoxy 
was used for gluing. Steel plates with grooves were 
employed to prevent bonding failures between the 
epoxy and steel. A gluing jig was utilized to attach the 
top and bottom steel plates to the specimens, applying 
40 g of epoxy to each side. To minimize the risk of 
eccentric loading during testing, diligent care was 
taken during the sawing process to ensure that the av-
erage diameter and thickness of the specimens were 
within ±1 mm tolerances. 

3.2  Testing and results 
A Universal Testing Machine (UTM) was employed 
for the tensile testing. Each specimen was securely 
mounted onto the testing frame, and a displacement-
controlled load was applied at a constant rate of 0.5 
mm/min to the top plate. The results were analyzed 
by plotting the load-displacement curves. The area 
under the curve represents the work done or the en-
ergy dissipated during the test.  

 
Figure 3. AC Poker chip output. 
 

Figure 3 presents the load-displacement curves for 
the specimens. For both 50-mm and 25-mm speci-
mens, it can be observed that an increase in RAP con-
tent consistently resulted in higher peak loads. Addi-
tionally, the post-peak behavior appeared 
significantly more brittle compared to the Control P-
401. 25-mm specimens exhibited higher peak loads 
for both the Control P-401 and P-401 (10% RAP). 
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However, the opposite trend was observed for the P-
401 (30% RAP), where the 50-mm specimen demon-
strated a higher peak load. It is important to note that 
only one replicate was tested for the P-401 (30% 
RAP) 50-mm configuration, and testing is ongoing. 
Based on these preliminary results, it can be inferred 
specimens with a higher aspect ratio exhibited more 
brittle behavior and rapid crack propagation. The 
stress distribution in the 50-mm specimens appeared 
to be non-uniform, as indicated by an observed diag-
onal failure slope, whereas the failure plane in the 25-
mm specimens was predominantly horizontal. These 
observations align well with the load-displacement 
data, and theory of edge effects. Furthermore, it can 
be postulated that while the mix without RAP exhib-
ited ductile behavior during crack propagation, as ev-
idenced by the gradual post-peak slope, the load re-
quired to initiate the crack was relatively low. 

3 DIFFERENCES IN ENERGY DISTRIBUTION 
 
Load-displacement curves were analyzed for three 
test setups: IDT test, I-FIT, and AC poker chip test. 
For the IDT test, three SGC specimens were prepared 
for each P-401 mixture. The specimens were com-
pacted to dimensions of 95 mm in thickness and 150 
mm in diameter, ensuring compliance with the air 
voids requirement of 7 ± 1%. The test involved ap-
plying a displacement-controlled diametrical load at 
a rate of 50 mm/min until specimen failure. The I-FIT 
was conducted following the AASHTO T 393-22 pro-
tocol. For each mixture, two SGC specimens were 
compacted with a diameter of 150 mm and a height 
of 160 mm. Each SGC specimen was then saw-cut 
into four SCB specimens, ensuring that the air voids 
satisfied the 7.0 ± 1% requirement. Load and dis-
placement data were collected for both the IDT and I-
FIT procedures. As observed in Figure 4, the area un-
der the load-displacement curve for the IDT test is 
significantly larger compared to the I-FIT and AC 
poker chip tests. This inflated curve is primarily at-
tributed to energy dissipation dominated by plastic 
deformation under the loading strip, with limited en-
ergy directed toward crack initiation and propagation. 
Consequently, the IDT test overestimates the energy 
associated with fracture formation, as it primarily 
captures the plasticity component rather than the en-
ergy dissipated exclusively for crack formation and 
propagation. In contrast, the area under the load-dis-
placement curve for the I-FIT is comparatively 
smaller, reflecting its focus on measuring energy dis-
sipation during crack propagation. The I-FIT is ex-
plicitly designed as a fracture test, with a loading 
scheme that minimizes energy dissipation toward 
plasticity and crack initiation. The inclusion of a 
notch effectively reduces plastic deformation energy, 
channeling the majority of the energy toward crack 

propagation. This makes the I-FIT particularly effec-
tive in distinguishing between brittle mixtures, where 
cracks propagate rapidly, and ductile mixtures, where 
crack growth is more gradual. 

 
Figure 4. Avg. load-displacement curve for Control P-401. 

However, while the I-FIT efficiently measures 
crack propagation, the presence of the notch limits its 
ability to capture crack initiation. The notch acts as a 
stress concentrator, bypassing the natural crack initi-
ation process, which involves the nucleation and coa-
lescence of microcracks from an undamaged state. 
The load-displacement curve from the AC poker chip 
test presents potential for an ideal setup, where the 
entire energy dissipation is associated with crack ini-
tiation and propagation. However, due to the random-
ness in crack formation, the energy dissipated toward 
crack propagation may not be as effectively captured 
as in the I-FIT, where the fracture is much more chan-
nelized. To address this limitation, the pre-peak por-
tion of the AC poker chip test curve and the post-peak 
portion of the I-FIT curve were used to isolate the 
mechanisms of crack initiation and propagation, re-
spectively. 

4 EFFECT OF ASPECT RATIO 
 
To evaluate the effect of aspect ratio on stress distri-
bution, a simplified 3D AC specimen was modeled 
using the ABAQUS Finite Element Modeling (FEM) 
software. Three specimen thicknesses, all with a di-
ameter of 100 mm, were simulated: 50 mm, 25 mm, 
and 3.125 mm, corresponding to aspect ratios of 2, 4, 
and 32, respectively. Although the 3.125 mm speci-
men is practically challenging to produce, it was in-
cluded to examine the effects of a very high aspect 
ratio. The specimens were assigned viscoelastic prop-
erties and assumed to be homogeneous for the pur-
poses of the simulation. The bottom face was con-
strained with an encastre boundary condition, 
restricting all structural degrees of freedom, while the 
top face was subjected to uniform tension at a dis-
placement rate of 0.5 mm/min. The specimens were 
meshed using standard linear elements. Figure 5 
shows the top view of the maximum principal (abso-
lute) stresses on the top plate. The results indicate that 
an increase in aspect ratio leads to a more uniform 
stress distribution, corroborating the laboratory 



findings from the AC poker chip test presented in 
Section 3. However, in this study, the aspect ratio was 
not further increased due to the nominal maximum 
aggregate size (NMAS) of the AC mixtures being 
12.5 mm. Bynum (1979) demonstrated the feasibility 
of conducting tests on specimens with higher aspect 
ratios in mixtures with smaller NMAS. 

 
Figure 5. FEM results. 

5 UNIFIED ENERGY-BASED ANALYSIS 
 
The load-displacement curves from the AC poker 
chip test and the I-FIT were combined into a single 
curve to isolate the mechanisms of crack initiation 
and propagation (Figure 6). The pre-peak region from 
the AC poker chip test was used to represent crack 
initiation, while the post-peak region from the I-FIT 
was used for crack propagation. These two regions 
were merged into one curve to analyze the energy dis-
sipated during each phase. 

 
Figure 6. (a) Pre-peak AC poker chip, and (b) Post-peak I-FIT. 

The results showed that the energy dissipated (or 
work done) to initiate cracking, as obtained from the 
AC poker chip test curve, was higher than that ob-
served in a typical I-FIT output (Figure 6a). This dif-
ference is attributed to the presence of a notch in the 
I-FIT specimens, which bypasses the natural crack in-
itiation process that begins from an undamaged state. 
However, the I-FIT setup is well-suited for studying 
crack propagation behavior, as seen in the post-peak 
region (Figure 6b). Compared to the control mix, the 
results indicate that while a larger amount of work is 
required to initiate a crack, the crack propagation is 
brittle, as evidenced by the steep slope of the post-
peak curve when more RAP is included.    

6 CONCLUSION 
 
This study aimed to reintroduce the AC poker chip 
test as a method for evaluating cracking resistance in 
AC mixtures. Three airfield AC mixtures containing 
0%, 10%, and 30% RAP were prepared and tested us-
ing IDT, I-FIT, and the AC poker chip test. The pri-
mary focus was on analyzing the load-displacement 
curves obtained from each testing procedure. It was 
observed that the IDT test tends to overestimate the 
energy associated with fracture formation, as it pri-
marily captures the plasticity component rather than 
isolating the energy dissipated for crack initiation and 
propagation. In contrast, the I-FIT curve, which rep-
resents energy dissipation during crack propagation, 
yielded a smaller area under the curve. The presence 
of a pre-existing notch in the I-FIT limits its capabil-
ity to evaluate crack initiation. AC poker chip test 
demonstrated significant potential as an ideal setup 
for evaluating crack initiation and propagation, as the 
entire energy dissipation could be directed solely to-
ward these mechanisms. Results indicated that an in-
crease in the aspect ratio (or a decrease in specimen 
thickness) led to a more uniform stress distribution, 
which was further validated through finite element 
modeling. Finally, a unified energy-based characteri-
zation approach was introduced. This approach re-
vealed that, for high RAP mixtures, a larger amount 
of work is required to initiate a crack, while the crack 
propagation behavior is brittle, as indicated by the 
steeper post-peak slope. Future studies will explore 
higher aspect ratios to generate more shear and a tri-
axial stress state in the proposed test. 
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1 INSTRUCTION 
The asphalt aging is one of major contributors to the 
decrease in the performance of asphalt pavement. 
Among various aging factors, oxygen plays a critical 
role. It can react with various asphalt constituents, 
destroying the original structure and changing the 
properties of asphalts (Somé et al., 2023). 

The oxygen initially reacts with asphalt at the 
pavement's surface, and the rate of this reaction is 
highly dependent on pavement temperature and ox-
ygen concentration (Xie et al., 2023). Subsequently, 
oxygen gradually diffuses into the interior of asphalt 
pavement through its pores (Petersen and 
Harnsberger, 1998). The concentration of oxygen 
form a gradient in the depth direction of the pave-
ment (Chen et al., 2023, Sun et al., 2023). The pro-
cess of oxygen diffusion is related to the oxygen dif-
fusion coefficient (Ds) (Malinowski, 2023). The Ds 
represents the rate at which oxygen diffuses through 
a specific material, with higher values indicating a 
faster diffusion rate within the material. The reaction 
between oxygen and asphalt is then highly depend-
ent on pavement temperature and oxygen concentra-
tion (Xie et al., 2023). The higher the value of Ds, 
the more oxygen penetrates the pavement, and be-
comes available to react with asphalt binders. Un-
derstanding oxygen diffusion behavior in asphalt 
pavement is key to studying asphalt aging in asphalt 
pavements. 

Most studies have focused on oxygen diffusion 
behavior in base asphalt (Darabi et al., 2017, Chen 

and Wang, 2024, Sun et al., 2023). However, re-
search on oxygen diffusion in modified asphalts re-
mains limited. While SBS-modified asphalt is in-
creasingly prevalent in practical engineering 
applications (Xu et al., 2022). Further insight is 
needed into the oxygen diffusion behavior within 
modified asphalt mixtures to improve their applica-
bility in practical engineering. Additionally, the cor-
relation between oxygen diffusion behavior and the 
aging behavior of asphalt mixtures requires further 
investigation. 

This study investigated the aging behavior and 
oxygen diffusion behavior of SBS-modified asphalt 
binders. Oxygen diffusion tests and rheological 
properties tests were conducted on the asphalt bind-
ers extracted from the asphalt mixtures after being 
aged at different temperatures and porosity. A corre-
lation analysis between the aging characteristics and 
the Ds was then conducted. The indicators that are 
significantly correlated with the Ds were used to de-
velop an aging prediction model for the modified 
asphalt mixture. 

2 MATERIALS AND METHODS 

2.1 Materials 
Base asphalt (penetration grade 70, Table 1) from 
Shnopec Maoming Petrochemical Company was 
used in this study to prepared for SBS modified as-
phalt binders. The SBS modifier is 1401, and the ag-
gregate and mineral powder used were limestone. 

A novel approach to predict aging performance of asphalt mixtures 
through oxygen diffusion analysis 

Yi Wu 
School of Highway, Chang’an University, Xi’an, China 
Department of Civil, Chemical, Environmental and Material Engineering (DICAM), University of Bologna, 
Bologna, Italy 

 
Yong Wen & Rui Li, Xuesong Wang 
School of Highway, Chang’an University, Xi’an, China 

ABSTRACT: This study investigated the relationship between oxygen diffusion and the aging performance of 
asphalt mixtures. The results showed as aging temperatures and porosity increased, the creep stiffness (S), 
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depth, with deeper depths showing less severe aging. The R, S, and m-value increased with the increase of ox-
ygen diffusion coefficient (Ds), while the Jnr and ∆|G*|peak decreased. The most significant correlations were 
found between the Ds and the R at 0.1kpa, the Jnr at 3.2kpa, and ∆|G*|peak. The prediction model of the aging 
behavior of the asphalt mixtures was developed based on these indicators. The root mean square error of pre-
diction models for R0.1、∆|G*|peak and Jnr3.2 were 1.816, 0.0383, and 0.0309, respectively. 



The lignin fiber was selected to optimize the void 
distribution of the specimen. 
 
Table 1.  Technical specifications of base asphalt. ___________________________________________________ 
Technical Specifications      Unit  Testing results ___________________________________________________ 
Penetration (25°C, 100g, 5s)    0.1mm 67 
Ductility (5cm/min, 10°C)     cm  48 
Softening point         ℃   24 ___________________________________________________ 

2.2 Specimen Preparation 
SBS-modified asphalt was prepared using a high-
speed shearing machine, with an SBS modifier dos-
age of 5% by weight, and 0.1% sulfur was added as 
a stabilizer. The asphalt mixture (SMA-13) was pre-
pared using aggregates with a maximum nominal 
size of 13 mm and an asphalt content of 5.8% by 
weight of the aggregate. The asphalt mixture speci-
mens were prepared using the rotary compaction 
method, with target porosities of 4%, 6%, and 8% at 
35℃, 45℃, and 55℃. 

2.3 Testing Methods 

2.3.1 Oxygen diffusion test 
The diffusion test was conducted using a self-
developed apparatus. The oxygen diffusion test 
equipment consists of a closed double-chamber de-
vice, an oxygen sensor, a constant temperature insu-
lation cabinet, and a data acquisition instrument 
(Figure 1(a)). The tests were performed on speci-
mens with porosities of 4%, 6%, 8%. at 35°C, 45°C, 
and 55°C. 
 
 

(a)     (b)      (c) 
Figure 1.  Test devices: (a) oxygen diffusion test device, (b) 
long-term aging test device, (c) double air chamber closed de-

vice. 

2.3.2 Long-term aging test 
An oxygen-enriched environment was used to accel-
erate the aging process to simulate the aging condi-
tions of asphalt pavement under different environ-
mental temperatures. A customized aging container 
was developed for indoor long-term aging tests on 
specimens with porosities of 4%, 6%, and 8%, 
which were subjected to temperatures of 35°C, 
45°C, and 55°C for four weeks. 

2.3.3 Rheological Properties 
The SMA-13 mixtures with different aging degrees 
were cut into four slices along the radial direction, 
and the aged asphalt binders were then extracted 
from the slices for subsequent rheological tests. 

The frequency sweep test was conducted to inves-
tigate the viscoelastic properties of the SMA-13 
mixtures after being aged at 40℃, 52℃, 64℃, and 
72℃. The multi-stress creep recovery (MSCR) test 
was performed at the asphalt PG high temperature 
under shear stresses of 0.1 kPa and 3.2 kPa respec-
tively. (Liu et al., 2021, Zhang et al., 2015). The av-
erage recovery rates (R0.1 and R3.2) and irrecoverable 
creep compliance (Jnr0.1 and Jnr3.2) were selected to 
investigate the high-temperature performance of the 
SMA-13 mixtures after aging. The linear amplitude 
sweep test (LAS) was performed under 10 Hz fre-
quency. The ∆|G*|peak was used to evaluate the fa-
tigue performance of asphalt after aging (García 
Mainieri et al., 2021). The DSR-based asphalt low-
temperature performance test method was explored 
by Sui et al. (Sui et al., 2011). The creep stiffness 
modulus S characterizes the low-temperature defor-
mation capacity of asphalt, and the creep rate m-
value characterizes the low-temperature stress relax-
ation capacity of asphalt. 

2.4 Determination of Ds 

The Ds was calculated using the finite volume meth-
od (Wen and Wang, 2018). The equations for the 
two-chamber diffusion system are shown in Equa-
tion 1 (SallamJury and Letey, 1984). The boundary 
conditions were set according to Equation 2-4, and 
the initial conditions were set according to Equation 
5-7. 
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where Cg = air chamber gas concentration, kg/m3 of 
air; t = time, s; z = distance along chamber, cm; Dg = 



gas diffusion coefficient in air, cm3/min; H = length 
of air chambers, cm; L = one-half length of soil 
chamber, cm; Cs = asphalt mixture gas concentra-
tion, kg/m3 of air; Ds = oxygen diffusion coefficient 
in asphalt mixture, cm2/min; M = molecular weight, 
gm/mol. 

3 RESULTS AND DISCUSSION 

3.1 Oxygen diffusion coefficient 
The calculated Ds results are shown in Figure 2. It 
can be seen from the figure that Ds values increased 
with the increase of the testing temperature and the 
specimen porosity. The results show that the rate of 
Ds growth increased more rapidly when the tempera-
ture increased by 436% from 35°C to 45°C. Porosity 
also caused a considerable rise in Ds, Ds increased 
by 820% from 6% to 8% porosity at 45°C. A similar 
trend was found at 35°C and 55°C. These findings 
suggest that porosity has a greater impact on Ds than 
temperature. 

 

 
Figure 2.  Ds with different temperatures and void ratios 

3.2 Rheological properties 
Figure 3 (a) shows the results of aging indicators 
under different temperatures and porosity. The re-
sults show that R0.1 and R3.2 exhibited a positive cor-
relation with both testing temperature and porosity. 
The Jnr0.1 and the Jnr3.2 both decreased significantly 
with increasing temperature from 35℃ to 55℃, by -
33.78% and -29.07%, respectively. Regarding the 
effect of porosity, the Jnr0.1 and Jnr3.2 exhibited an 
overall reduction of -13.08% and -27.34% when po-
rosity increased from 4% to 8%, respectively. The 
∆|G*|peak also showed a negative correlation with 
both temperature and porosity. The S exhibited low 
sensitivity to external factors, with only a slight in-
crease of 1.46% under varying temperatures and po-
rosity. The m-value was highly sensitive to tempera-
ture changes, decreasing significantly by -36.65% 
with rising temperature from 35℃ to 55℃. These 
results suggest that asphalt aging becomes more se-
vere at higher aging temperatures and higher mixture 
porosity. 

Figure 3 (b) shows the aging index results at dif-
ferent depths. As the aging depth increased, R0.1 
showed a slight increase while R3.2 increased steadi-

ly with aging depth. Jnr0.1 and Jnr3.2 decreased by -
9.59% and -33.65% with increasing aging depth, re-
spectively. The ∆|G*|peak increased at layer 4 after 
initially declining slightly. The S value remained 
relatively stable, but the m gradually decreased with 
depth. These findings highlighted the aging gradi-
ents in the depth direction of the asphalt mixture and 
demonstrated that aging is less severe at lower aging 
depths. 

 

(a)           (b) 
Figure 3.  (a) Aging indicators under different tempera-

tures and porosity; (b) Aging indicators under different depth 
*  The x-axis label '35-4' represents a mixture with 4% porosi-
ty aged at 35°C, Other labels follow the same pattern; The 
depths from layer 1 to layer 4 are 10mm, 20mm, 30mm, and 
40mm respectively. 

3.3 Correlation between Ds and Aging indicators 
The correlation coefficients between the aging indi-
ces and Ds of R0.1、∆|G*|peak, Jnr3.2, R3.2, Jnr0.1, m-
value, S were 0.92, -0.88, -0.82, 0.76, -0.65, 0.57, 
and 0.39, respectively. Among these variables, 
R0.1、∆|G*|peak and Jnr3.2 exhibited the highest corre-
lation coefficients with Ds. Therefore, these three in-
dicators were selected to develop a predictive model 
with aging temperature (T) and aging time (t). The 
predictive model was then developed using nonline-
ar regression analysis, as shown in Equations (8)-
(10). 

R0.1 = 108.54Ds
2 - 0.026831t2 -0.016122T2 + 

37.951Ds + 1.8591t + 1.7802T + 3.4624     (8) 
Jnr3.2 = 1.592Ds

2 + 0.00015079t2 - 0.84655Ds - 
0.011821t - 0.0027383T + 0.59622       (9) 

∆|G*|peak = -0.038551Ds
2 -0.00021032t2 + 

0.00043122T2 + 0.32759Ds + 0.014309t - 0.035841T 
+ 8.7632                 (10) 

The Ds and corresponding aging index data were 
incorporated into the prediction model to obtain the 
predicted values of the aging index, as shown in 
Figure 4. The data points were evenly distributed on 
both sides of the 45° line, with R0.1 values being the 
closest to the line. This indicates excellent agree-
ment between the predicted and observed values for 
R0.1. The Coefficient of Determination (𝑅2) values 
for the prediction equations of R0.1, ∆|G*|peak, and 
Jnr3.2 were 0.9611, 0.8394, and 0.7654, respectively, 
further confirming that the predictive equations for 
SBS-modified asphalt binders is reliable. 



 

 
 

Figure 4.  The distribution plots of predicted value and 
measured values for (a) R0.1, (b) ∆|G*|peak, (c) Jnr3.2. 

4 CONCLUSIONS 

This study investigates the aging behavior of the 
SMA-13 mixture using oxygen diffusion tests and 
rheological proper-ties tests. The following conclu-
sions can be drawn: 

1. The Ds exhibits positive correlation with R0.1, 
R3.2, m-value, and S, and negative correlations with 
∆|G*|peak, Jnr3.2, and Jnr0.1. Among these indexes, 
R0.1, ∆|G*|peak, and Jnr3.2 demonstrate the strongest 
correlations with Ds. 

2. The R, S, and m-value exhibit positive correla-
tions with aging temperatures and porosity while 
showing negative correlations with Jnr and ∆|G*|peak 
values. Distinct aging gradients were observed along 
the aging depth profile, characterized by decreasing 
R-values, increasing Jnr values, and ∆|G*|peak at 
deeper aging depths, indicating reduced aging sever-
ity. 

3. The calculated values from aging indices pre-
diction equations closely matched the measured val-
ues, with data points closely aligning along the 45° 
line. There are no significant deviations were ob-
served. The R2 values for the predicted models for 
the aging performance indicators represent high ac-
curacy. 
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1 INTRODUCTION 

With increasing emphasis on sustainability in pave-
ment construction, particularly supported by the Cir-
cular Economy Action Plan in Europe, Recycled As-
phalt (RA) is becoming a preferred choice due to its 
economic and environmental benefits. However, in-
corporating Reclaimed Asphalt Pavement (RAP) into 
RA introduces challenges, especially in raveling fail-
ure when used in porous asphalt (Zaumanis and 
Mallick, 2015).  Raveling is significantly caused by 
weak zones prone to cracking initiation and propaga-
tion due to the incomplete blending of aged bitumen 
with fresh bitumen (Xing et al., 2023). Therefore, ac-
curately identifying the blending degree of aged and 
fresh bitumen is crucial for evaluating the perfor-
mance of asphalt mixtures and getting reliable road 
materials design. 
Microscopic testing methods have proved the feasi-
bility in observing the asphalt microstructures. 
Among various methods, Environmental Scanning 
Electron Microscopy (ESEM) is particularly suited 
for analyzing oily and non-conductive asphalt sam-
ples (Mazumder et al., 2018). Aggregates and mastics 
can be distinguished in ESEM based on the differ-
ences in the detected atomic weights of their ele-
mental components. However, fresh and aged mastic 
areas, which exhibit overlapping elemental composi-
tions, are difficult to distinguish using ESEM. Energy 
Dispersive X-ray Spectroscopy (EDX) analysis is 
typically used for differentiation.  
 

 
 
Preliminary research has demonstrated the feasibility 
of ESEM-EDX test techniques for distinguishing the 
fresh and aged mastic within RA with different indi-
cators. For example, in research using TiO₂ as a 
tracer, Abdalfatta employed the Ti/S peak area ratio 
in EDX results as an indicator to evaluate the blend-
ing degree at pre-selected points (Abdalfattah et al., 
2021). Similarly, Jiang used the Ti/S as an indicator 
to evaluate the blending degree in limited regions 
(Jiang et al., 2018). Castorena selected the Ti/C ratio 
as an indicator, successfully analyzed blending de-
gree at pre-selected points(Castorena et al., 2016). 
Although current studies have confirmed the multi-
phase structure within the blending zone, consisting 
of aged mastic, fresh mastic, and blended mastic, they 
assume that blended mastic was a homogeneous 
phase. As a result, they rely on values of single point 
or localized areas to estimate the blending degree of 
the entire microstructure, which fails to capture the 
heterogeneity of the blending zone in RA (Bowers et 
al., 2014). 
To make a more intuitive description of blending 
zone and reliable analysis of blending degree, this re-
search develops a methodology to identify the blend-
ing zone and visualize the distribution of aged, 
blended and fresh mastics in RA, based on ESEM-
EDX test methods and successfully performs a quali-
tative analysis of the blending degree within RA. 
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ABSTRACT: Recycled Asphalt (RA) offers economic and environmental benefits in pavement construction in 
Netherlands, but also faces a high potential for premature cracking, especially when it is used in porous asphalt. 
One main reason is the blending of aged and fresh material components will lead to complex internal micro-
structure in RA, which is the weak zone where cracking is initiated. However, preliminary research was not 
systematically describing blending zones at the microscale. This study utilized ESEM-EDX testing to charac-
terize and analyze the internal structure of RA. An identification method was developed by converting EDX 
element mapping results into internal morphology maps. This method, incorporating boundary recognition, 
threshold segmentation, and data interpolation, successfully classified the internal structure of RA into six com-
ponents: fresh mastic, aged mastic, blended mastic, aggregate, filler, and epoxy. Qualitative analysis of the 
blending degree using this method revealed that fresh aggregates achieve a more thorough blending state than 
RAP aggregates, as evidenced by the absence presence of aged mastic attachment. This research advances the 
understanding of RA's internal structure and blending behavior, laying a solid foundation for future quantitative 
analysis of blending degrees in RA. 



2 MATERIALS 

Two types of samples were tested for ESEM-EDX in 
this experiment: stone-mastic samples and artificial 
RA samples. These samples are separately used in 
Step 1 and Step 2, as introduced in Chapter 3. 
Stone-mastic samples were developed to analyze the 
elemental content of individual components, provid-
ing a theoretical basis for qualitative analysis. These 
samples were prepared by immersing aggregates in 
aged and fresh mastic, both made with bitumen and 
filler in a 1:1 mass ratio. Fresh mastic used 70/100 
penetration bitumen (Total Energy Netherlands), 
while aged mastic was produced by aging fresh bitu-
men according to AASHTO R28 (PAV) procedures, 
extended to 40 hours (2PAV) to simulate 10 years of 
field pavement aging (Singhvi et al., 2022). To distin-
guish fresh mastic, 12% of the filler (by mass) was 
replaced with TiO₂. 
RA samples were designed to study blending zones 
during RA production. They were prepared in the lab 
to ensure precise control, using the same aged and 
fresh mastic as the stone-mastic samples. RAP was 
created by mixing aged mastic with 8 mm aggregates, 
and RA was produced by combining RAP with 4 mm 
aggregates and fresh mastic, with a RAP content of 
50%. 
All test samples will be stabilized with epoxy and cut 
into small thin pieces. After the grinding and polish-
ing processes, samples’ surface came smooth, which 
is a necessary requirement in ESEM-EDX test. Mi-
cro-morphology was analyzed using an FEI Quanta 
FEG 650 ESEM, equipped with a silicon drift Thermo 
Fischer EDX detector. 

3 RESEARCH METHEDOLOGY 

This research consists of two main steps. The first 
step focuses on establishing the visualization process 
in element mapping from EDX results. The second 
step is identifying the blending zone based on visual-
ization processing. 

3.1 Step 1: Visualization Process Decision 
In Step 1, as previously mentioned, microscopic im-
ages obtained from ESEM cannot distinguish be-
tween fresh and aged mastic. Therefore, to visualize 
all components-epoxy(E), aggregate(A), fresh mas-
tic(FM), aged mastic(AM) and blended mastic(BM), 
and their distribution, element mapping from EDX is 
required. Thus, the visualization process means clas-
sifying the scattered data points into different compo-
nents. There are two methods: one is based on bound-
ary identification, and the other is based on chemicals 
indicator selection. 
The E and A components can be classified by bound-
ary identification because their boundaries are 

distinct in the ESEM microscopic images. Boundary 
recognition is typically achieved through digital im-
age processing (DIP) techniques, with the workflow 
shown in Figure 1. Typical DIP steps(Coenen et al., 
2012) involves following operations: include: a) im-
age smoothing; b) selecting an Hmax (maximum gray 
value); c) applying watershed transformation; d) 
identifying epoxy and aggregate components; e) 
marking and exporting boundaries. 
 

 
Figure 1 Illustration of DIP Operations 

 
Since ESEM cannot distinguish between different 
mastic components, AM, BM and FM can only be 
classified by their chemical contents’ values. There-
fore, the choice of element type and the threshold 
value used as classification criteria determine the ac-
curacy of their identification. Because stone-mastic 
samples only consist of AM and FM, by analyzing the 
characteristic elements and their threshold values in 
the AM and FM regions, a more accurate classifica-
tion scheme on AM, FM, and BM can be developed. 

3.2 Step 2: Blending Zone Identification 
After completing the visualization process by stone 
samples, it was applied to RA samples that underwent 
the mixing process. Aggregates originating from RAP 
and newly added aggregates were selected for quali-
tative analysis and to identify morphological infor-
mation of AM, FM, BM in the blending zone. 

4 RESULTS AND DISCUSSION 

4.1 Boundary Identification 
There are four types of stone samples in step 1. Their 
internal multi-layer structure from left to right are 
listed: E-FM-A, E-AM-A, E-FM-AM-A, E-AM-FM-
A. According to the DIP techniques, the boundaries 
of different phases were successfully identified. Tak-
ing E-AM-FM-A for example, the elements distribu-
tion is shown in Figure 2. 



In Figure 2, three lines from left to right represent the 
boundaries of epoxy, mastic, and aggregate from DIP 
technology. In Figure 2(b), a sharp change in ‘S’ con-
tent occurs at the identified E and A boundaries. In 
the actual material composition, the epoxy and aggre-
gate are also significantly having lower ‘S’ than mas-
tics. This indicates that the boundaries of epoxy and 
aggregate from DIP align with the actual component 
boundaries. Furthermore, the ‘Ti’ distribution in Fig-
ure 2(a) shows that only the FM, which contains TiO₂ 
tracer, exhibits a significantly higher Ti content. This 
confirms the accuracy of the mastic boundary. So, 
Figure2 shows the accuracy of all three boundaries 
identification. 
 

 
Figure 2 Element Mapping in EDX (weight percentage) of E-

AM-FM-A sample: a) Ti; b) S; c) O; d) Si; e) K; f) Fe. 

4.2 Indicator and its threshold 
The quantitative analysis results of four samples are 
shown in Figure 3. The average value of all data 
points is taken as the representative value for that 
component.  
 

 
Figure 3 Contents of Different Elements in Samples and Their 

Average Value Comparison: a) Ti; b) S; c) O; d) Si; e) K; f) Fe. 

As shown in Figure 3, the elemental distribution char-
acteristics of the four samples align with the E-FM-
AM-A. For elements ‘S’ and ‘O’, their concentrations 
in AM and FM differ significantly from those in E 
and A. ‘Si’ exhibits the highest concentration in A, 
while ‘K’ and ‘Fe’ are relatively evenly distributed 
among the four components. However, for the most 
critical AM and FM phases, these five elements did 
not exhibit significant differences. Only ‘Ti’ showed 
a clear distinction between AM and FM. Therefore, 
the average ‘Ti’ content is chosen as the indicator to 
represent the characteristic element of AM and FM. 
Specifically, the characteristic ‘Ti’ content is 8.0 for 
AM, 2.0 for FM. 

4.3 Identification of Blending Zone in RA 
After deciding the visualization steps, they are ap-
plied to the morphology identification of microstruc-
ture in RA. This requires two additional supplemen-
tary steps.  
The first step is recognizing the boundaries of fillers, 
as shown in Figure 4. Different from stone-mastic 
samples (200x), the ESEM-EDX analysis of RA sam-
ples is conducted at a much higher magnification 
(3000x), which needs to take account of filler parti-
cles’ influence. So, the filler regions within the mastic 
are individually marked. 
 

 
Figure 4 DIP Techniques and Its Results in RA Samples: a) 

Original ESEM Image; b) Image with Identified Particles, yel-
low for epoxy, red for aggregate, grey for fillers; c) epoxy and 

aggregate boundaries; d) filler boundaries 
 
The second supplementary step involves performing 
data interpolation. Because ‘Ti’ is distributed in the 
mastic form of discrete particles, resulting in a dis-
continuous distribution. 
Figure 5 shows the results when applying the visuali-
zation process mentioned in Sections 4.1 and 4.2 to 
identify the bending zone. Ti weight percentages of 
8.0 and 2.0 represent AM and FM, respectively, di-
viding the mastic area into three parts: 0–2.0 for AM, 
2.0–8.0 for BM, and 8.0–10 for FM. Using bounda-
ries and indicator thresholds, the original Ti element 
map in Figure 6(a) is visualized in Figure 6(b). In Fig-
ure 6(b), there is a substantial presence of blank 
points, which are incorrectly identified as AM. To fill 
these blank points with appropriate values, median, 
mean, and Gaussian filters were applied, with results 
shown in Figures 6(c), (d), and (e). The Gaussian 



filter proved to be the most suitable for achieving a 
continuous distribution of mastic components, as 
shown in Figure 6(e), and is thus chosen for data pro-
cessing. 
 

 
Figure 5 Visualization of Ti Element Distribution in RA Sam-

ples: a) Original element map; b) Dataset after boundary identi-
fication and threshold segmentation; c) Median filter applied; 

d) Mean filter applied; e) Gaussian filter applied. 

4.4 Blending Degree in RA 
Using the visualization approach described above, the 
mastic region in RA was successfully divided into 
AM, FM, and BM components, enabling the charac-
terization of blending zone morphology. Two 
stones—one from RAP(8mm) and one from fresh ag-
gregate(4mm)—were selected for observation. The 
results are shown in Figure 6. After mixing, the RAP-
origin stone retains a coating of aged mastic, while 
the stone from fresh aggregate is surrounded by a 
more uniform layer of blended mastic. 
 

 
Figure 6 Micro-morphology of Aggregate in RA and Their 

Visualization Map: (a)(b) RAP; (c)(d) fresh aggregate 

5 CONCLUSIONS 

This research demonstrates a set of analysis tools to 
visualize the blending zone in RA using TiO₂ as the 
tracer, with ESEM-EDX characterization. This visu-
alization approach effectively illustrates the multi-
layer structure aged-blended-fresh mastics, and di-
rectly reveals the different blending conditions be-
tween the aggregate from RAP and fresh aggregates. 
This research provides a reliable methodology for 
quantitative analysis of the blending degree in RA. 
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1 INTRODUCTION 

Ageing of asphalt mixture is one of the governing 
factors that affects the service life of pavements 
(Cavalli et al., 2018). Typically, bitumen is the bind-
ing medium of asphalt mixtures and due to its organic 
nature, it is prone to degradation under climatic con-
ditioning (Pipintakos et al., 2024). Hence, considera-
ble efforts have been made to simulate the in situ cli-
matic conditions in the laboratory. A variety of ageing 
protocols persist at both binder (i.e. pressure ageing 
vessel) and mixture levels (i.e. ageing of loose or 
compacted asphalt mixtures), including testing under 
different temperatures and atmospheric conditions 
(Jacobs et al., 2023; Ma et al., 2022; Mirwald et al., 
2020). However, most of these attempts are rather ac-
celerated simulations of in situ conditions and the ex-
act history of the climatic conditions, such as solar ra-
diation, humidity and temperature, is challenging to 
be considered. Additionally, a few studies have inves-
tigated the influence of realistic field conditions with 
a primary focus on quantifying the effects of ageing 
gradients, air void percentage, and film thickness 
(Jing et al., 2021; Song et al., 2022; Zhang et al., 
2022). Despite these efforts, a factor that is often 
missing for a thorough understanding and fair com-
parison of the effects of climatic conditions is the in-

corporation of a reference mixture into the experi-
mental matrix, considering the different climatic re-
gions. 

Inspired by the paradigm of ongoing international 
efforts at a global scale (Adwani et al., 2023), current 
joint efforts in Europe, by means of a European in situ 
Ageing Consortium (EurIAC), try to elucidate these 
effects. This is realised by taking into account the spe-
cific climatic conditions, such as temperature, mois-
ture, and UV/VIS history, among others, for a refer-
ence and local mixtures exposed to various climatic 
regions, assessed at different time intervals. The as-
sessment of climatic data was performed on both 
binder and asphalt mixture levels, with an optimum 
future goal to link the changes in performance with 
the climatic data that will be recorded for a total du-
ration of seven years in six European countries. More-
over, a European ageing model will be developed as 
an output of this collaborative work. This work re-
ports on the first set of reference mixtures. 

2 MATERIALS & METHODS 
2.1 Participating laboratories 

Six laboratories are participating in this study, as 
shown in  
 
Table 1. Climate classifications according to Köppen 
system are also included, from which it can be seen 
that the majority of them are classified as temperate 
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oceanic climate (Cfb) regions, which is representative 
of a significant part of Europe (Beck et al., 2006).  

 
Table 1: Overview of participating laboratories and their climate 
classification 

Laboratory Köppen Climate 
classification 

University of Antwerp Cfb 
TU Delft Cfb 
EMPA Cfb 
TU Wien Cfb/Dfb 
University of Minho Csb 
Aristotle University of Thessaloniki Bsk/Bsh 

The results in this paper are anonymised, thus the 
order of the labs in Table 1 does not necessarily cor-
respond to the order of the graphs in the results sec-
tion. 
 

2.2 Materials 

The reference mixture was a typical dense-graded 
asphalt concrete surface layer (hereafter referred as 
AC10) prepared with 5.8% (in total mixture) of 50/70 
penetration grade binder, having a design air void 
content of 5.6%. The aggregates used for the mixture 
were porphyry (2/4, 4/6 and 6/10) limestone (0/2) and 
natural, round sand (0/1). Figure 1 shows the grada-
tion of the AC10 surface mixture. 

The mixture was produced in one of the laborato-
ries in accordance with EN 12697-35 using an auto-
matic mixer to avoid variations due to slightly differ-
ent lab mixture production procedures, which could 
influence the results. Afterwards, the mixture was 
compacted in slabs of 60x40x5 cm as per EN 12697-
33. Each laboratory received three slabs, having sim-
ilar average air void contents, determined using the 
geometrical method. The slabs were placed outside 
on a flat surface in the summer of 2023 (between July 
and September), and were subjected to the local envi-
ronmental conditions (no cover from precipitation or 
solar radiation) as shown in Figure 2.  

2.3 Experimental Methods 
2.3.1 Coring 

Each participating partner is asked to drill four 
cores of 100 mm diameter at regular time intervals of 
0.5, 1, 2, 3, 5, and 7 years. A minimum distance of 40 
mm was maintained between the cores and the slab 
edges as well as between two cores to minimise the 
impact of ageing from sides and of the other cores. In 
addition, each laboratory received four cores of 100 
mm diameter, cored at the mixture-producing lab, 
which were tested to obtain reference results (0m) 
corresponding to short-term ageing. After coring, the 
specimens were dried to constant mass at room tem-
perature and the mass alongside the dimensions of 
each specimen was measured. 

 
2.3.2 Resilient modulus 

The stiffness (resilient modulus) of the samples 
was assessed for 4 replicates per ageing time interval 
according to EN 12697-26, annex C (IT-CY) at 15 °C. 
The test was performed with a load rise time of 80 ms 
with a maximum allowable horizontal deformation of 
6.5 μm. Further, two readings were obtained per rep-
licate as proposed in the test standard. The average 
resilient modulus and corresponding standard devia-
tion were determined for each laboratory based on 
these 8 measurements (four samples, each tested in 
two directions). 

 
2.3.3 Indirect Tensile Strength 

After the non-destructive stiffness test, the indirect 
tensile strength (ITS) was determined as per EN 
12697-23 by applying a loading rate of 50 mm per 
minute at 15 °C. The peak load P, together with the 
average height H and diameter D, were used to calcu-
late the ITS value according to Equation 1. 
𝐼𝑇𝑆 =  

2𝑃

𝜋𝐷𝐻
                (1) 

Figure 2: In situ slabs of all participating partners 
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Figure 1: Gradation of the AC10 surface mixture 



3 RESULTS & DISCUSSION 
3.1 Resilient modulus 

The resilient modulus results obtained in different la-
boratories are presented in Figure 3. As shown in Fig-
ure 3, two measurements were made by the partici-
pating organisations, where 0m refers to results 
without in situ ageing and acts as the t=0 time inter-
val, while 6m corresponds to in situ ageing at t=6 
months. However, laboratory C performed the tests 
after 9 months instead of 6, whereas the values for 0m 
were similar for A and B since the mixture testing was 
performed at the same laboratory due to limitations of 
testing facilities. Samples after in situ ageing were 
shipped between these two labs. 

In general, considering the standard deviations, the 
differences between the average resilient modulus of 
the reference and aged mixtures after 6 months, were 
rather limited. Nevertheless, some differences can be 
observed. Laboratory C obtained a higher resilient 
modulus compared to all other labs. Further, the dif-
ference before and after 6 months of ageing was sig-
nificant in laboratory D, with a drop in average resil-
ient modulus of over 2500 MPa. The majority of the 
laboratories (A, B, C and F) showed a slight increase 
in average resilient modulus, as can be expected after 
in situ ageing. 

3.2 ITS 
Figure 4 shows the ITS results for labs A to E, since 
for laboratory F this test was not performed. Similar-
ities between the resilient modulus and ITS results 
were noticed with some exceptions within the testing 
repeatability for labs A, B, and E. A significant drop 
in ITS after 6 months of ageing was recorded by la-
boratory D, corroborating with the resilient modulus 
results and clearly depicting a change in mixture per-
formance. Based on these observations, it is likely 
that the properties of the drilled asphalt cores at t=0 
differed significantly from the cores extracted at la-
boratory D after 6 months.  

The ITS values of laboratory C were slightly 
higher compared to others but not to the same extent 
as can be seen in the resilient modulus results. The 
similarities and trends observed between ITS and re-
silient modulus results led to a more in-depth explo-
ration of the potential correlation between the two 
tests, which is elaborated in the next subsection.  

3.3 Correlation between modulus and ITS 
Figure 5 displays the resilient modulus and ITS of 

the individual samples for laboratories A to E. This 
allows a visual assessment of the correlation between 
the two parameters and the variance in testing results. 
The dashed line is a linear trendline (R² = 0.563) that 
confirms a positive, though weak, correlation be-
tween the resilient modulus and ITS. However, the 
graph shows individual differences and trends for dif-
ferent labs, that may be generated by the sample size 
and test type, which supports the use of both tests.  

The first apparent observation from Figure 5 is that 
despite expectations the correlation for the 0m results 
was not better. In the same graph, one can observe 
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that laboratory C clearly distinguishes itself with rel-
atively high values for ITS and resilient modulus, 
while maintaining increased ITS values after in situ 
ageing. On the other hand, labs D and E showed 
slightly decreased ITS and resilient modulus values 
after 6 months of in situ ageing. Finally, the results 
for labs A and B were similar before and after ageing. 
Therefore, it can be concluded that the trends are di-
verse and that future testing at multiple time intervals 
can help in establishing a clear relationship between 
the effects of ageing duration, climatic conditions, 
and mechanical performance. 

4 CONCLUSIONS & RECOMMENDATIONS 

This paper reports the results of the first-year in situ 
ageing at the asphalt mixture level of a collective ef-
fort of six European countries. The conclusions and 
recommendations are summarised herein. 

▪ The effect of climatic conditions in different 
European regions is rather negligible for both 
ITS and resilient modulus after 6 months in 
situ. 

▪ Four out of six participating laboratories 
showed a slight increase in resilient modulus, 
while the same increase was less obvious in 
the ITS results. 

▪ Possible performance deviations at t=0 may 
have been introduced by testing device cali-
bration errors. 

▪ A weak positive correlation exists between 
the ITS and resilient modulus results when ac-
counting for both ageing time intervals. 

▪ The differences between the asphalt speci-
mens of the participating laboratories can be 
better highlighted via the correlation between 
ITS and resilient modulus. 

▪ The consideration of both parameters to cap-
ture trends and understand testing deviations 
is crucial for the next in situ years. 
 

During the forthcoming ageing time intervals of 
this project, the consortium will carefully assess pos-
sible testing device deviations and the origin of them. 
Moreover, correlations with the climatic data will be 
performed. Ongoing investigations of EurIAC will in-
clude extraction and recovery of bitumen at different 
depths for a chemomechanical evaluation of the age-
ing gradients in order to potentially link them with the 
mixture performance and the climatic data. 
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1 INTRODUCTION 
The asphalt pavement industry in the United States 
is committed to achieving net-zero carbon emissions 
by 2050 [1]. One key strategy to meet this goal is to 
increase the use of RAP in asphalt mixtures. Alt-
hough this approach provides significant economic 
and environmental benefits, it also presents pave-
ment performance challenges as RAP mixtures can 
be susceptible to cracking and durability issues due 
to increased binder stiffness and brittleness. To ad-
dress these challenges, many state highway agencies 
are considering the implementation of a laboratory 
cracking test to evaluate the cracking resistance of 
RAP mixtures as part of the mix design and produc-
tion acceptance process. Among many mixture 
cracking tests developed over past decades, the Indi-
rect Tensile Asphalt Cracking Test (IDEAL-CT) has 
gained increasing popularity [2]. This test is favored 
for its practicality in specimen preparation, simplici-
ty in providing results quickly, and relevance in 
providing a reasonably strong correlation to field 
cracking performance [3-4]. Meanwhile, the asphalt 
pavement industry is actively exploring mix design 
strategies to improve IDEAL-CT results. One of the 
most common strategies is to change the source, 
grade, or type of virgin binder in RAP mixtures. 
However, limited guidance exists on selecting virgin 
binders to improve the cracking resistance of RAP 
mixtures.   

2 STUDY OBJECTIVE  
The objectives of the study were twofold: (1) to de-
termine the impact of virgin binders on the long-
term cracking resistance of RAP asphalt mixtures, as 
measured by the IDEAL-CT after aging; and (2) to 
relate binder rheological properties to mixture IDE-
AL-CT results.  

3 EXPERIMENTAL PLAN 
3.1 Materials 
This study included four RAP mix designs, includ-
ing two from a northern state and two from a south-
ern state in the United States. The RAP content of 
the mix designs varied from 20% to 41%, corre-
sponding to a recycled binder ratio (RBR) of 0.16 to 
0.37. Table 1 summarizes the key mix design varia-
bles. More detailed information is available else-
where [5].   
Table 1. RAP Mix Design Summary 
Mix De-
sign ID 

Climate 
Zone NMAS 

Aggregate 
Type RBR 

Asphalt 
Content 

Northern 
25% RAP 

Northern 
State 

9.5mm Granite 
Dolomite 

0.21 5.95 

Northern 
41% RAP 

Northern 
State 9.5mm Granite 

Dolomite 0.37 5.61 

Southern 
20% RAP 

Southern 
State 9.5mm Granite 0.16 5.79 

Southern 
35% RAP 

Southern 
State 9.5mm Granite 0.29 5.75 

The RAP mix designs were evaluated using dif-
ferent virgin asphalt binders to assess mixture crack-
ing performance. The virgin binders included five 
unmodified performance grade (PG) binders (PG 52-
34, two PG 58-28, and two PG 64-22 binders) and a 
PG 76-22 styrene-butadiene-styrene (SBS) polymer-
modified asphalt (PMA) binder. The PG 58-28 and 
PG 64-22 asphalt binders were sourced from differ-
ent crude oils and, despite meeting the same PG re-
quirements per AASHTO M 320, were expected to 
have notably different rheological properties.   

3.2 Virgin Binder Testing 
Each virgin binder was tested using a Dynamic 
Shear Rheometer (DSR) and Bending Beam Rhe-
ometer (BBR) to verify Superpave PG. In addition, 
the DSR frequency sweep test was conducted for 
rheological characterization at three aging condi-

Impact of Virgin Binders on IDEAL-CT Results of RAP Asphalt Mixtures 
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and 10 Hz after 40-hour PAV aging exhibited a very strong correlation to the IDEAL-CT results, highlighting 
its potential as a mix design tool to screen virgin binders for the cracking resistance of RAP 
mixtures.



tions: unaged, RTFO plus 20-hour PAV, and RTFO 
plus 40-hour PAV. The frequency sweep test was 
performed across a temperature range of 10°C to 
90°C (10°C increments) and an angular frequency 
range of 0.1 to 30 Hz. The results were analyzed us-
ing RHEA™ software to determine a battery of rhe-
ological parameters, including the phase angle () at 
a complex shear modulus (|G*|) of 8.967 MPa and 
15°C (variable frequency),  at |G*| of 10 MPa and 
10 rad/s (variable temperature), crossover frequency 
(c), crossover modulus (Gc), crossover temperature 
(TGc), Glover-Rowe (G-R) parameter at 15°C and 
0.005 rad/s, modified G-R parameter at 15°C and 10 
Hz (other temperature and frequency combinations 
were also included, but the results are not included 
in the paper due to space limitations), and R-value. 
The R-value results were obtained from DSR master 
curve analysis utilizing the Christensen-Anderson 
model at a reference temperature of 15℃ with vari-
able glassy modulus Gg and |G*| greater than 105 Pa.   

3.3 RAP Mixture Testing 
The study included fourteen RAP mixtures prepared 
with different mix design and virgin binder combi-
nations. Each mixture was tested for intermediate-
temperature cracking resistance using the IDEAL-
CT per ASTM D8225. To account for the impact of 
asphalt aging, the IDEAL-CT was conducted after 
long-term aging. The aging procedure involved 
short-term aging of loose mixtures for 4 hours at 
135°C, followed by long-term aging for 6 or 8 hours 
at 135°C for PG 52-34, PG 58-28, and PG 64-22 
binders, and 5 days at 95°C for the PG 76-22 binder. 
The 95°C aging procedure was used for the PG 76-
22 binder to prevent the potential thermal degrada-
tion of SBS polymer at an elevated aging tempera-
ture, but it was expected to provide an equivalent 
level of asphalt aging as the 135°C aging procedure 
according to the |G*| aging kinetics model by Kim et 
al [6]. Shorter aging times (6 hours) were applied to 
the two northern mix designs, while longer aging 
times (8 hours or 5 days) were applied to the south-
ern mix designs. These aging procedures were ex-
pected to simulate approximately 5 to 6 years of sur-
face aging for asphalt pavements in the United 
States [7].  

4 TEST RESULTS AND DISCUSSIONS 
4.1 Rheological Characterization of Virgin Binders 
Figure 2 summarizes the virgin binder continuous 
PG temperatures and Tc results, determined in ac-
cordance with ASTM D7643 (AASHTO M 320). 

All binders met their as-supplied PG requirements. 
The two PG 58-28 binders from different crude 
sources showed a 1.6°C difference in Tc, despite 
having nearly identical continuous grading tempera-
tures. Among the two PG 64-22 binders, Source 2 
was slightly softer but exhibited significantly better 
relaxation properties, as indicated by a 2.7°C higher 
Tc compared to Source 1. Overall, the virgin bind-
ers evaluated in the study covered a wide range of 
PG and Tc results.  

 
Figure 2. Virgin Binder Continuous PG Temperatures and Tc 
Results 

Tables 2 through 4 summarize the rheological pa-
rameters of the virgin binders, determined from the 
DSR frequency sweep test at three aging conditions. 
The softer virgin binders (PG 52-34, PG 58-29 
Source 1, PG 58-28 Source 2) exhibited lower G-R 
parameter values (at 15°C and 0.005 rad/s and 15°C 
and 10 Hz) than the PG 64-22 Source 1, PG 64-22 
Source 2, and PG 76-22 PMA binders across all ag-
ing conditions. Even after extended aging, the softer 
binders did not enter the cracking damage zone (i.e., 
G-R parameter criteria of 180 kPa at 15°C and 0.005 
rad/s). Only the PG 64-22 Source 1 binder exceeded 
the criterion for visible surface cracking (i.e., G-R 
parameter criteria of 600 kPa at 15°C and 0.005 
rad/s) after RTFO plus 40-hour PAV. Among the 
unmodified binders, PG 64-22 Source 1 exhibited 
the highest change in G-R parameters, indicating 
greater susceptibility to aging. Caution is advised 
when interpreting the G-R parameter (and possibly 
the R-value) for the PG 76-22 PMA binder, as pol-
ymer modification can significantly increase failure 
strain at a given binder modulus. As expected, as ag-
ing progressed for all binders, a decrease in the 
crossover frequency (c) and crossover modulus 
(Gc) and an increase in the crossover temperature 
(TGc) and R-value were observed. 



Table 2. Virgin Binder Rheological Parameter Results at Unaged Condition 

Asphalt Binder Properties 52-34  58-28  
Source 1 

58-28  
Source 2 

64-22  
Source 1 

64-22  
Source 2 76-22 

R-value 1.8 1.7 1.6 1.7 1.7 1.9 
 at |G*| = 8.967 MPa, 15C () 55.5 51.5 56.3 52.0 52.9 49.9 
 at |G*| = 10 MPa, 10 rad/s () 54.4 50.4 55.6 51.4 52.3 49.0 

c (rad/s) 7.28E+03 1.09E+02 6.90E+02 6.23E+01 8.54E+01 2.31E+01 
Gc (Pa) 3.96E+07 1.86E+07 3.28E+07 1.97E+07 2.14E+07 1.53E+07 
TGc (°C) −8.2 7.3 1.4 8.4 7.2 11.6 

G-R15°C,0.005rad/s (kPa) 0.007 0.3 0.1 0.7 0.7 8.2 
G-R15°C,10Hz (kPa) 5.55E+02 8.98E+03 3.42E+03 1.43E+04 1.24E+04 2.20E+04 

Table 3. Virgin Binder Rheological Parameter Results at RTFO plus 20-hour PAV Aging Condition 

Asphalt Binder Properties 52-34  58-28  
Source 1 

58-28  
Source 2 

64-22  
Source 1 

64-22  
Source 2 76-22 

R-value 2.6 2.3 2.1 2.2 2.1 2.1 
 at |G*| = 8.967 MPa, 15C () 44.1 40.7 45.3 39.8 43.7 42.3 
 at |G*| = 10 MPa, 10 rad/s () 43.4 39.9 44.8 39.4 43.2 41.9 

c (rad/s) 2.52E+01 1.76E+00 5.92E+00 2.34E-02 1.69E+00 2.61E-01 
Gc (Pa) 6.77E+06 4.74E+06 8.91E+06 3.83E+06 6.93E+06 5.53E+06 
TGc (°C) 10.7 20.7 15.7 34.6 19.9 25.8 

G-R15°C,0.005rad/s (kPa) 4.2 21.7 16.3 205.8 47.0 191.6 
G-R15°C,10Hz (kPa) 8.47E+03 2.79E+04 2.69E+04 6.70E+04 4.03E+04 7.66E+04 

Table 4. Virgin Binder Rheological Parameter Results at RTFO plus 40-hour PAV Aging Condition 

Asphalt Binder Properties 52-34  58-28  
Source 1 

58-28  
Source 2 

64-22  
Source 1 

64-22  
Source 2 76-22 

R-value 2.8 2.4 2.4 2.9 2.2 2.5 
 at |G*| = 8.967 MPa, 15C () 39.4 37.1 41.7 35.6 41.7 38.8 
 at |G*| = 10 MPa, 10 rad/s () 38.8 36.4 40.9 35.1 41.3 38.4 

c (rad/s) 1.52E+00 2.23E-01 5.88E-01 4.57E-03 2.35E-01 2.50E-02 
Gc (Pa) 3.17E+06 2.69E+06 5.03E+06 1.36E+06 4.81E+06 2.84E+06 
TGc (°C) 20.7 26.6 24.2 40.2 26.4 34.2 

G-R15°C,0.005rad/s (kPa) 30.3 111.3 88.3 966.8 189.2 736.9 
G-R15°C,10Hz (kPa) 1.81E+04 3.66E+04 5.02E+04 9.66E+04 7.07E+04 1.05E+05 

 
4.2 IDEAL-CT Testing of RAP Mixtures 
Figure 3 presents the IDEAL-CT results of RAP 
mixtures using different mix design and virgin bind-
er combinations. The columns and error bars repre-
sent the average and standard deviation, respective-
ly, of the cracking tolerance index (CTIndex). The 
letters represent statistical groupings for individual 
mix designs according to the Tukey-Kramer test. For 
all RAP mix designs, using a softer virgin binder in-
creased the CTIndex, suggesting improved cracking 
resistance. While the degree of improvement varied 
across different mix designs, it was statistically sig-
nificant in all cases except for the northern 25% 
RAP mix design with PG 58-28 Source 2 binder and 
the northern 41% RAP mix design with PG 58-28 
Source 1 binder.  

For the two southern RAP mix designs, using a 
PG 76-22 SBS modified binder or changing the PG 
64-22 binder source did not statistically affect the 
CTIndex, when the test variability was considered. 
However, changing the PG 58-28 binder from 
Source 1 to Source 2 (with a 2.7°C lower Tc) in-
creased the CTIndex of the two northern mix designs, 
but the improvement was not statistically significant 
for the 41% RAP mix design according to the statis-
tical grouping letters.  

(a)  

(b)  
Figure 3. RAP Mixture IDEAL-CT Results: (a) Northern Mix 
Designs, (b) Southern Mix Designs 



4.3 Relating Virgin Binder Rheological Parameters 
to Mixture IDEAL-CT Results 

Pearson correlation analysis was conducted to relate 
the rheological properties of virgin binders to the 
IDEAL-CT results of RAP mixtures. The analysis 
focused on RAP mixtures using the same mix design 
but with different virgin binders, allowing for the 
isolation of potential confounding impacts of other 
design variables, such as RAP content, aggregate 
type, and aggregate gradation. Furthermore, the 
analysis was conducted separately for each binder 
aging condition, and the Pearson correlation coeffi-
cient (r) results are summarized in Figure 4.  

(a)  

(b)  

(c)  
Figure 4. Pearson Correlation Coefficients for CTIndex versus 
Binder Rheological Parameters: (a) Unaged, (b) RTFO plus 20-
hour PAV Aging, (c) RTFO plus 40-hour PAV Aging 

Among all the rheological parameters evaluated 
in the study, only c and G-R showed consistent 
trends (either positive or negative correlations) with 
the IDEAL-CT results across all RAP mix designs 
and binder aging conditions. For both G-R parame-
ters, the correlation to CTIndex improved as binder 
aging increased, especially from unaged to 20-hour 
PAV aging. After 40-hour PAV aging, the modified 
G-R parameter at 15°C and 10 Hz exhibited a strong 
correlation with CTIndex, with an |r| value exceeding 
0.9 across all RAP mix designs, as shown in Figure 
5. This suggests that the modified G-R parameter 

can serve as a potential mix design tool for screening 
virgin binders to enhance the IDEAL-CT results of 
RAP mixtures. 

 
Figure 5. Correlation of Modified G-R Parameter at RTFO plus 
40-hour PAV Aging to IDEAL-CT 

5 FINDINGS AND CONCLUSIONS 
This study found that using a softer virgin binder ef-
fectively improved the IDEAL-CT results of RAP 
mixtures, while using a PMA binder did not show 
similar benefits. The impact of changing the binder 
source on the IDEAL-CT results was inconclusive. 
Among the various binder rheological parameters 
evaluated, the modified G-R parameter at 15°C and 
10 Hz after RTFO plus 40-hour PAV aging exhibit-
ed the strongest correlation with the IDEAL-CT re-
sults. Therefore, this parameter shows potential as a 
mix design tool for screening virgin binders to im-
prove the cracking resistance of RAP mixtures, but 
further verification with additional data for mixtures 
with different virgin binder sources, RAP sources, 
and aggregate types is warranted. 
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1 INSTRUCTIONS 
Ice/snow on transportation infrastructure is a con-
stant threat to traffic safety and needs to be removed 
efficiently to maintain normal operations (Sun et al., 
2018, Wu et al., 2005). There are multiple deicing 
approaches, such as removal techniques, ice-melting 
chemicals, the hydronic pipe method, and self-
healing technology (Qiu and Nixon, 2008). Among 
them, chemical agents like salt and mechanical 
means have been most prevalently utilized. Never-
theless, the overuse of salt commonly results in envi-
ronmental pollution and corrosion issues. Mean-
while, removal methods exhibit low work efficiency 
and are liable to cause damage to the pavement sur-
face. The hydronic pipe method is also favored, but 
its application is relatively costly and complex, al-
ters the internal pavement structure, and poses po-
tential risks to durability. Thus, it is of great signifi-
cance to investigate efficient and eco-friendly ice-
melting technologies. 

Nowadays, self-healing heating technology has 
become a research hotspot. It is closely related to the 
road surface temperature. Electromagnetic induction 
and microwave heating are used in self-healing 
technology, and microwave heating has more ad-
vantages like uniform heating and high efficiency 
(Wang et al., 2022). Scholars have conducted a large 
number of studies on microwave snow and ice-
melting asphalt pavements. For example, Sun et al. 
studied the heating rate of steel fiber-modified as-
phalt pavements under microwave radiation (Sun et 
al., 2023). Arabzadeh et al. used carbon fiber-
modified asphalt concrete for anti-icing and deicing 
(Arabzadeh et al., 2019). Gao et al. verified the fea-
sibility of steel slag for microwave deicing (Gao et 

al., 2017). Microwave deicing technology has ad-
vanced, but its use is restricted as current magnetic 
substitutes underperform in deicing, leading to low 
efficiency and weak competitiveness. Immediate 
material and technical upgrades are essential to en-
hance its practicality and competitiveness. 

Nano-carbon materials like graphene have excel-
lent abilities in absorbing electromagnetic waves and 
conductivity and also possess many excellent me-
chanical properties (Tan et al., 2023). Incorporating 
them into asphalt pavement can solve related limita-
tions (Kim et al., 2015). However, nanomaterials are 
prone to form agglomerates due to the high van der 
Waals force among themself, making it difficult for 
graphene to be effectively dispersed in a high-
viscosity asphalt binder. Using nano-carbon materi-
als as coating materials to prepare functional aggre-
gates for microwave deicing can overcome the dis-
persion problem and improve the insufficient 
electromagnetic wave absorption ability. However, 
there is still a research gap regarding the application 
of this technology. 

This research aims to creatively fabricate the gra-
phene-coated functional aggregates (FLG@FA) for 
improved deicing efficiency of asphalt pavement via 
a novel coating method. The microwave ice-melting 
performance of the FLG@FA group was investigat-
ed. Meanwhile, the evaluation of deicing asphalt 
mixture's low-temperature performance is of great 
significance for mitigating transverse thermal crack-
ing and preventing traffic accidents. Low-
temperature SCB tests at a slow load-line displace-
ment (LLD) rate of 0.5 mm/min and an improved 
calculation method of Wf will be conducted for the 
evaluation of low-temperature cracking resistance. 
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ABSTRACT: Ice/snow on pavements is a constant threat to traffic safety and needs to be removed efficiently. 
Graphene as novel carbon nanomaterial have excellent microwave-absorbing and mechanical properties, mak-
ing it the most favorable candidate for heating-generation composites. But there is a problem of uneven dis-
persion when introducing them through traditional processes. This research aims to fabricate graphene-coated 
functional aggregate (FLG@FA) to boost pavement deicing via a new coating method and high-temperature 
curing process. Microwace deicing and Low-temperature SCB test at low-LLD rates were conducted to eval-
uate the ice-melting and the low-temperature performance. Results show that deicing velocity of FLG@FA 
could be enhanced to 29.6 g/min (~64%↑). It also demonstrated an enhanced level of low-temperature crack-
ing resistance (~31.4%↑), and an improved method for calculating fracture work (Wf) was proposed.  



2 MATERIALS AND METHODOLOGY 

2.1 Materials 
Raw materials of few-layer graphene (FLG) disper-
sion and nanoceramic resin were selected to prepare 
the functional ink before coating. Well-dispersed 
functional ink (FLG ink) was synthesized by thor-
ough shear mixing of FLG dispersion with ceramic 
resin using a dispersion disc and mixer equipment at 
1000 rpm for 30 min at ambient temperature. The 
fundamental properties of FLG ink are presented in 
Table 1. In addition, raw granite aggregates (RA) 
and an asphalt binder with a performance grading 
(PG76/22) provided by a supplier in Hong Kong, K. 
Wah Asphalt Limited, were selected in this study. 
 
Table 1. Fundamental properties of FLG ink. 
Properties FLG ink 

Ingredients FLG, isopropyl alcohol, ceramic resin,  
dispersing agents 

Solid content 2.5% 
State Liquid 
Color Grey 
Odor Acetone-like 
Density (25 ℃) 1.08 g/cm3 
Viscosity (25 oC, Pa·s) 1.095 

2.2 Preparation of graphene-coated FA (FLG@FA)  
FLG ink and RA were used to fabricate FLG@FA 
through the flip-spraying method and high-
temperature curing process. In the flip-spraying 
method, FLG ink was sprayed onto one side of RA 
using a spray gun and an air pump. Subsequently, 
two pieces of foam were employed to clamp aggre-
gates and then flip them over, after which their other 
side was also sprayed, ensuring the uniform applica-
tion of FLG ink onto the aggregate surface. During 
the curing process, FA with the ink on its surface 
initially needed to be left at room temperature for 30 
minutes to enable the evaporation of alcohol solvent. 
Thereafter, it was heated in an oven at 190 °C for 30 
minutes. Following spraying and curing procedures, 
FLG@FA with a uniformly and firmly coated FLG 
film on the surface was successfully obtained. 

2.3 Preparation of test specimens with FLG@FA  
FLG@FA was used to prepare asphalt mixture spec-
imens with PG 76/22 asphalt and filler. A porous as-
phalt mixture with a nominal maximum aggregate 
size of 13.2 mm (PA-13), an optimum asphalt-
aggregate content of 4.1%, and a target void ratio of 
(20 ± 0.5) % were selected. The aggregates were 
preheated in an oven at 105 °C for more than 4 hours 
until reaching a constant weight and then further 
heated at 190 °C to ensure complete heating. Subse-
quently, they were mixed with hot asphalt binder 

heated at 170 °C following JTG E20-2011. It should 
be noted that after the heating procedures, the curing 
process of FA did not necessitate additional high-
temperature treatment. After mixing and compact-
ing, asphalt mixture specimens incorporating 
FLG@FA were obtained and were ready for further 
investigation. 

2.4 Microwave deicing test 

A microwave deicing test was conducted to evaluate 
the ice-melting efficiency. In this test, standard Mar-
shall specimens (Φ101.6 mm × 63.5 mm) were used 
and an ice layer with a thickness of 10 mm was fro-
zen on their surface (Figure 1). Those deicing spec-
imens were initially maintained at a temperature of 
around -33 °C. Subsequently, their melting perfor-
mance was examined through microwave heating at 
a power of 800 W. The specimen was heated for 30 
s and then allowed to rest for 10 s alternately. The 
intermission time within the heating intervals was 
employed to document the mass of the ice and the 
surface temperature of the ice layer under ambient 
temperature conditions (15 °C). The average ice-
melting velocity (ν) was adopted to assess the melt-
ing efficiency, which is defined as follows:   

               (1) 
where m1 is the mass of test specimen before testing, 
m2 is the mass after testing, and t is the heating time.   

 
Figure 1. Experimental setup of ice-melting.                                             

2.5 SCB test at lowPG+10 oC 

The low-temperature cracking resistance was evalu-
ated utilizing the SCB strength test under AASHTO 
TP105. Superpave gyratory compactor (SGC) spec-
imens were shaped (Φ150 mm × 170 mm) and then 
sectioned into four semi-circular specimens (R150 
mm × 50 mm). A notch (15 mm × 1.0 mm) was cut 
into the central bottom of each semi-circular speci-
men, aiming to ensure the cracking mode. Before 
testing, the specimens were subjected to a pre-
conditioning treatment within a temperature-

https://www.sciencedirect.com/topics/materials-science/mechanical-strength


controlled chamber at a temperature of lowPG+10 
(specifically -12) °C for a duration of 4 h using a 
DTS-30 universal testing machine. An LLD-
controlled configuration facilitates a more accurate 
acquisition of the fracture energy, as its measure-
ment aligns with the direction of load application 
(Son et al., 2019). Subsequently, the SCB test was 
executed at a slow LLD rate of 0.5 mm/min. Final 
analysis was performed by using the load-LLD 
curves and fracture energy (Gf), which can be calcu-
lated using the following equation 

              (2) 

          (3) 

    (4) 
where Wf is the fracture work (J); Alig is the liga-
ment area (m2); r is the height of the specimen 
(mm), l is the depth of the notch (mm), and t is the 
thickness of the specimen (mm). 
The flexibility index (FI), proposed by Ozer et al., 
serves as a crucial parameter for ascertaining the 
damage potential of asphalt mixture. It is indicative 
of the process zone size or other property combina-
tions and exhibits a strong correlation with the crack 
growth speed (Al-Qadi et al., 2015). FI can be calcu-
lated from the parameters obtained using the load–
LLD curve. 

           (5) 
where Gf is the fracture energy (J/m2), m is the post-
peak load slope at the inflection point (kN/mm), and 
a is a factor (equal to 0.01). 
According to experimental results, differences were 
found between load-displacement curves under the 
low-temperature condition and typical outcomes of 
the SCB test. Specifically, the curve under low tem-
perature exhibits unique patterns as shown in Figure 
2. Compared with the typical curve (left), it is evi-
dent from the right curve that a pronounced and lin-
ear downtrend is observable immediately after at-
taining the peak load. This phenomenon can be 
attributed to the transformation of the asphalt mix-
ture from a viscoelastic material to a completely 
brittle one under low temperatures. After reaching 
the peak load, specimens snapped suddenly. As this 
material property changed, the test controlled by 
LLD mode failed to capture the post-peak slope, 
which is an essential factor for the calculation of FI. 
In addition, the area of the fracture work necessitat-
ed adjustment to the area of the curve ranging from 
the initial point (u0) to the point corresponding to the 
peak load (up) since the specimen underwent brittle 

fracture after reaching the peak load. The modified 
calculation is shown as follows:  

           (6) 
where u0 is the displacement at the contact load of 
0.1 kN (mm) and up is the displacement at the peak 
load (mm).  

 
Figure 2. A typical load-displacement curve (left, adapted from 
(Al-Qadi et al., 2015)) and a load-displacement curve at 
lowPG+10 oC (right). 

3 TEST RESULTS AND ANALYSIS 

3.1 Microwave deicing behavior 
Figure 3 presents the alterations in the average tem-
perature of the ice surface on the specimen. The 
specimen with FLG@FA exhibits a considerably 
higher temperature increase rate compared to RA. 
FLG@FA curtailed the time of three microwave 
heating cycles (i.e., 90 s) to melt an ice layer with a 
thickness of 10 mm at an initial temperature of 
around -33 oC. After 150 s of microwave heating, 
the ice layer was entirely melted, and the average 
surface temperature of the ice layer reached 32.1 oC, 
which is higher than that of RA (30.2 oC). Notably, 
RA demanded a longer heating duration of 240 s. 
Despite the complete melting, the extended time im-
plies that the ice absorbs and transforms microwave 
energy into heat inefficiently, thereby emphasizing 
the feeble responsiveness to microwave heating. As 
depicted in Figure 4, FLG@FA attained an ice-
melting velocity of 29.6 g/min (an enhancement of 
~64%) in comparison to RA (18.1 g/min) for melt-
ing the ice layer, thus manifesting the remarkable 
microwave deicing capacity of FLG@FA. 
 

 
Figure 3. The average surface temperature on the ice layer. 



 
Figure 4. Deicing velocity results of specimens. 

3.2 Low-temperature cracking resistance 
The load-displacement curves obtained from the 
low-temperature SCB test are illustrated in Figure 5. 
The low-temperature curves exhibit unique patterns 
as previously mentioned (left). A distinct and linear 
downward trend was discernible after reaching the 
peak load (brittle behavior). The load-displacement 
curve of FLG@FA exhibited a higher peak load of 
6.4 kN in contrast to that of RA, which was 6.1 kN. 
Simultaneously, it is observable that the Wf of RA 
(depicted by the gray area) ranging from u0 to up is 
smaller than that of FLG@FA (green area). Subse-
quently, the Gf was determined by conducting inte-
grations and calculations based on modified Equa-
tion 6 and Equation 2. The resultant values are 
illustrated in Figure 5 (right). Compared to the con-
trol group with a Gf value of 306.1 J/m2, FLG@FA 
augmented its Gf value to 402.2 J/m2, showing a 
substantially enhancing effect on low-temperature 
cracking resistance, with an improvement rate of ap-
proximately 31.4%. 

 
Figure 5. Modified fracture work results (left) and fracture en-
ergy results of SCB test at lowPG+10 oC (right). 

4 CONCLUSIONS 
The following conclusions can be drawn according 
to the results and analysis: 
1. Functional aggregates evenly coated with gra-

phene film on the aggregate surface could be 
achieved through the flip-spraying method. 

2. FLG@FA could significantly improve the micro-
wave ice-melting performance. Its ice-melting ve-
locity to melt an ice layer with a 10 mm thickness 
at about -33 oC could be enhanced from 18.1 
g/min to 29.6 g/min (~64%↑). 

3. An improved method of calculating fracture work 
(Wf) was proposed and low-temperature SCB test 
results show that FLG@FA manifested an en-
hanced level of low-temperature cracking re-
sistance (~31.4%↑) when compared with RA. 
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3.1 
CHEMO-MECHANICAL AND OTHER TOOLS FOR 

PERFORMANCE EVALUATION OF ASPHALT BINDERS 



1 
 

1 INTRODUCTION 

Utilization of higher proportions of Reclaimed As-
phalt Pavement (RAP) material necessitates recy-
cling the aged binder to mitigate the effects of its in-
creased „stiffness‟. Recycling agents are added to 
RAP to reduce the „stiffness‟ of the aged binder and 
achieve target rheological properties in the final re-
cycled blend. Different types of recycling agents are 
available, and the interaction mechanism between 
the aged binder and the recycling agent, which gov-
erns the changes in rheological properties, can vary 
depending on the composition of the recycling agent 
(Fini et al., 2020). Literature hypothesizes the inter-
action effects of RA to be one or a combination of 
the following: reducing „stiffness‟ (softening effect) 
through the addition of lighter hydrocarbons, balanc-
ing asphaltene-maltene proportions, and dispersing 
the polar asphaltenes associations (Martin et al., 
2020).  

The extent of these interactions depends on the 
composition of RA and aged binder, which deter-
mines the RA dosage required to achieve target rhe-
ological properties (Abdelaziz et al., 2022). While 
continued addition of RA may reduce the „stiffness‟ 

of aged binder due to the low molecular weight hy-
drocarbons present in RA, it is uncertain whether the 
dispersion and asphaltenes-maltene balancing effects 
remain consistent across incremental dosages. 
Therefore, it is necessary to quantify the efficacy of 
RA in terms of its interaction effects at different 
dosages to identify the threshold dosage beyond 
which its influence diminishes. 

To capture the influence of RA, studies have used 
various experimental techniques such as Dynamic 
Shear Rheometer (DSR), Atomic Force Microscopy 
(AFM), Fourier Transform Infrared (FTIR) Spec-
troscopy, and polarity-based fractionation. Studies 
often use specification compliance parameters, such 
as penetration, softening point, apparent viscosity 
and performance grade, to quantify the influence of 
recycling agents, while some assess rheological re-
sponses under varying frequencies and aging condi-
tions (Karkhi & Zhou, 2016; Samara et al., 2022; 
Abdelaziz et al., 2022). For changes in chemical 
composition, carbonyl and sulfoxide indices are cal-
culated to determine how RA addition influences ox-
idation functional groups present in aged binders 
(Karkhi & Zhou, 2016; Abdelaziz et al., 2021). 
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ABSTRACT: Quantifying the efficacy of recycling agents (RA) is crucial to determine the optimal dosage for 
recycling Reclaimed Asphalt Pavement (RAP) materials. Atomic Force Microscopy (AFM) is used to capture 
the microstructure of binders and observe the dispersing effect of RA. However, the extent to which the dis-
persion effect impacts the aged binder properties remains unclear. To address this and identify the limiting 
RA dosage in terms of dispersion efficacy, the Derjaguin-Muller-Toporov (DMT) modulus and its frequency 
distribution obtained from AFM are analyzed in this investigation. Laboratory-aged binders are blended with 
different RA dosages, and the microstructure images revealed that the dispersion effect plateaued beyond 
10% RA. Frequency distribution of DMT modulus showed reduced mean and increased skewness with RA 
addition. Results suggest that RA facilitates dispersion and softening up to a 10% threshold dosage, beyond 
which its dispersion efficacy reduces and RA contributes to softening primarily by introducing low-modulus 
fractions. 
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To evaluate the dispersing effect of RA, studies 
often qualitatively analyze the topographical images 
obtained from AFM (Holleran et al., 2021; Abe et 
al., 2023). In addition to making inferences based on 
images, it is essential to consider quantifiable meas-
urements at micro-scale to assess the influence of 
RA. For this purpose, studies used mechanical prop-
erties measured using PeakForce Quantitative Nano-
mechanical Mapping (PFQNM) mode in AFM (Hol-
leran et al., 2021; Abdelaziz et al., 2021). This tech-
nique generates force-displacement curves by apply-
ing a controlled peak force on an oscillating tip, 
allowing computation of mechanical properties such 
as adhesion, dissipation, and DMT modulus from the 
approach and retraction curves. This paper focuses 
on using DMT modulus to quantify the efficacy of 
RA in terms of softening and dispersion effects. 

Studies have compared the frequency distribution 
of DMT modulus and its mean value for blends with 
varying RAP binder proportions and different recy-
cling agents (Roja et al., 2020; Abdelaziz et al., 
2022; Masad & Roja, 2024). Abdelaziz et al. (2022) 
found that mean DMT modulus reduced, and the dis-
tribution became narrower with RA addition. How-
ever, the DMT modulus and its distribution have not 
been further explored to quantify the influence of 
varying RA dosages. A reduction in DMT modulus 
with RA addition could arise from the dispersion of 
polar associations or through the softening effect fa-
cilitated by addition of lighter fractions. It will thus 
be interesting to identify characteristics representing 
the distribution and relate them to the microstructure 
to obtain insights into the interaction between RA 
and aged bitumen at different RA dosages. 

The objective of this study is to use DMT modu-
lus, obtained from PFQNM mode in AFM, to quan-
tify the softening and dispersion effects of the recy-
cling agent on the aged binder at the micro-scale. 
Here, different dosages of RA are added to a labora-
tory-aged binder such that the recycled blends 
bracket the high-temperature PG of the unaged bind-
er. DMT modulus images of aged and recycled 
binders are analyzed, and the characteristic proper-
ties (mean, full-width half maximum, and skewness) 
of their corresponding frequency distributions are 
computed. The characteristics of the DMT modulus 
distribution are used to identify a critical RA dosage 
beyond which the efficacy of RA in dispersing the 
polar associations decreased. 

2 MATERIALS AND METHODS 

2.1 Materials 
An unmodified bitumen meeting Viscosity Grade 30 
(VG30) as per Indian Standards (IS 73: 2018) is 
used as the base binder for the study. Table 1 lists 
the properties of the VG30 binder as per IS 73: 
2018. 

Table 1. Characteristics of unaged VG30 binder 
Characteristics Result 
Penetration at 25 °C, 100 g, 5 s, 0.1 mm 56 
Absolute viscosity at 60 °C, 300 mm Hg vacuum, Pa.s 279.1 
Softening point (R&B), °C 50 

The RAP binder was obtained through laboratory 
aging, wherein the VG30 binder was spread to 1 mm 
film thickness and subjected to aging in a forced 
draft oven. The binder was aged at 120 °C for 86 
hours, following the procedure outlined by Abinaya 
et al. (2023). The continuous high-temperature PG 
of the binders is listed in Table 2. A tall oil-based 
recycling agent named Evoflex CA 21, manufac-
tured by Ingevity Corporation (Ingevity, 2024), was 
used in the study. Different dosages of the recycling 
agent, namely 5%, 10%, and 15% by weight of the 
aged binder, were added such that the recycled bind-
ers bracket the high-temperature PG of the VG30 
binder. 

Table 2. Continuous high-temperature PG of binders 
Binder PG (°C) Nomenclature 
Unaged VG30 64.4 VG30 
86 hours aged binder 82.4 86H 
86H + 5% RA 74.7 86H+5%RA 
86H + 10% RA 66.7 86H+10%RA 
86H + 15% RA 61.8 86H+15%RA 

2.2 Atomic Force Microscopy 
The specimen for AFM imaging was prepared using 
the heat-cast method, which involves heating 0.2 g 
of bitumen on a glass slide in an oven at 140 °C for 
5 minutes to achieve an approximately 400 μm thick 
film with a smooth surface. The tests were conduct-
ed at least 24 hours after specimen preparation. The 
microscopic imaging was carried out using Dimen-
sion Icon AFM manufactured by Bruker Corpora-
tion, Germany. The topography images and mechan-
ical properties were captured in PeakForce 
Quantitative Nano-mechanical (PFQNM) property 
imaging mode in air. The scans were conducted us-
ing the RTESPA 300 Bruker AFM silicon probe, 
which has a nominal frequency of 300 kHz, a nomi-
nal tip radius of 30 nm, and a spring constant of 55.1 
N/m. The probe calibration and sample analysis 
were performed through Bruker NanoScope Analy-
sis 3.0 software (NanoScope, 2022). The samples 
were scanned with a constant peak force of 30 nN at 
a frequency of 1 kHz, using 256 data points per line 
and 256 scan lines over a 10 µm scan size. 

2.3 Derjaguin-Muller-Toporov (DMT) modulus 

DMT modulus is computed by fitting the Derjaguin-
Muller-Toporov (DMT) model, shown in Equation 1 
(Derjaguin et al., 1975; NanoScope, 2022) to the re-
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traction curve of the force-displacement plot. Here, 
the DMT modulus ( ) depends on the force required 
to indent the sample surface and the extent to which 
the sample deforms under this force.  

              
 

 
  √                      (1) 

  is the force on the tip,           is the adhesion 
force,   is the tip-end radius,      is the defor-
mation of the sample. 

3 RESULTS AND DISCUSSION 

3.1 Influence of recycling agent on microstructure   
The two-dimensional images indicating the spatial 
distribution of the DMT modulus of the binders un-
der investigation are presented in Figure 1.  

 

(a) VG30 

(b) 86H (c) 86H+5%RA 

(d) 86H+10%RA (e) 86H+15%RA 
Figure 1. DMT modulus images 

The following observations are made from the mi-
crostructure images. 
 The DMT modulus image of VG30 binder con-

tains three phases, as described in the literature 
(Masson et al., 2006). The bee-shaped structure, 
or the catana phase, consists of alternating high-
modulus and low-modulus regions. The catana 
phase is surrounded by the peri phase, which ex-
hibits a lower modulus than the peaks in the cat-
ana phase. Both catana and peri phases are dis-
persed in a continuous, lower-modulus medium, 
known as the perpetua or matrix phase.  

 DMT modulus image of 86H binder shows that 
aging increases the number of catana and peri 
phase associations, resulting in the disappear-
ance of the matrix phase. 

 Adding 5 and 10% recycling agent (Figures 1c 
and 1d) disperses the catana and peri phase asso-

ciations and increases the region occupied by the 
matrix phase. 

 A further increase in RA dosage to 15% (Figure 
1e) did not show major changes in dispersion, 
indicating that the RA does not promote disper-
sion beyond a certain level.  

3.2 Frequency distribution of DMT modulus  
To quantify the influence of recycling agent, the fre-
quency distribution of DMT modulus across the 2D 
image (Figure 1) is presented in Figure 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. DMT modulus distribution 

Here, the distribution is approximated to be Gaussi-
an-shaped, and the characteristics that quantify the 
shape and spread of the DMT modulus distribution 
are listed in Table 3. Full-width half maximum 
(FWHM) represents the width of the curve at half 
the height of maximum frequency. FWHM quanti-
fies the spread of the distribution, indicating the ex-
tent to which DMT modulus varies in the binder. 
The skewness of the distribution was calculated us-
ing Pearson‟s coefficient of skewness. A positive or 
right skewness indicates that a higher proportion of 
material exhibits lower DMT modulus, and a smaller 
proportion (peaks in catana phase) exhibits signifi-
cantly higher modulus values.  

Table 3. Characteristics of DMT modulus distribution 
Binder Mean (GPa) FWHM Skewness 
VG30 1.08 0.24 0.194 
86H 2.47 0.74 0.026 
86H+5%RA 1.79 (27%) 0.62 (16%) 0.354 (1261%) 
86H+10%RA 0.93(48%) 0.41 (34%) 0.505 (42%) 
86H+15%RA 0.45 (51%) 0.23 (44%) 0.699 (38%) 

The following findings were obtained from Figure 2 
and Table 3. 
 Aging increased the mean DMT modulus and 

FWHM, with a decrease in skewness, reflecting 
an increase in the proportion of high-modulus 
regions (catana and peri phases) in Figure 1b. 

 Adding the recycling agent decreased the mean 
DMT modulus and FWHM, indicating that the 
extent of variation in DMT modulus reduced 
with RA addition. Also, the skewness value in-
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creased, suggesting an increase in the proportion 
of low-modulus fractions. 

 The percent differences are calculated for every 
5% increment in RA dosage in Table 3 (shown 
in brackets) to quantify the relative influence of 
RA dosages. The percent difference in mean and 
FWHM increased with higher RA dosage, indi-
cating that the efficacy of RA in softening per-
sists at higher dosages.  

 The percent difference in skewness decreased 
with an increase in RA dosage. Relating this to 
the minimal variations in the dispersion of polar 
associations observed at higher RA dosages (be-
yond 10%), it can be inferred that beyond a cer-
tain dosage, RA primarily contributes to a reduc-
tion in the DMT modulus by increasing the 
proportion of low-modulus fractions, while its 
efficacy in promoting dispersion diminishes. 

4 CONCLUSIONS 

The current investigation relates the microstructure 
images from AFM and the corresponding DMT 
modulus distribution to obtain insights into the sof-
tening and dispersion effects of the recycling agent. 
The microstructure images show that RA addition 
resulted in the dispersion of associated phases (cat-
ana and peri phases), while no change in dispersion 
was seen beyond a specific dosage (10%). The influ-
ence of varying RA dosages was quantified based on 
the characteristics of the DMT modulus distribution 
(mean, FWHM, and skewness). The percent differ-
ence in these characteristics shows that as RA dos-
age increases, the change in mean and FWHM con-
tinue to increase, and the change in skewness 
decreases. The findings suggest that RA promotes 
softening and dispersion up to a certain dosage, after 
which the softening effect becomes predominant. 
The changes in dispersion effect from microstructure 
and skewness of the DMT modulus distribution can 
be examined to assess the efficacy of RA in dispers-
ing the polar associations, thereby allowing for the 
identification of a threshold RA dosage.  

The study highlights that analyzing the micro-
structure and skewness of the distribution is useful 
when comparing the efficacy of different recycling 
agents in terms of their relative influence in soften-
ing and dispersing effects. Future research should 
focus on exploring various recycling agents and 
RAP binders to confirm the plausible explanations 
provided in this paper. 
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1. INTRODUCTION 
Aging is an inevitable phenomenon in bituminous 
pavements, influenced by environmental factors and 
construction practices. It begins during mixing, com-
paction, and transportation, referred to as short-term 
aging, and continues throughout the pavement's ser-
vice life as long-term aging (Bi et al., 2020). Aging 
induces chemical changes in the bitumen matrix, no-
tably an increase in asphaltene content at the expense 
of maltenes. Rheologically, this shift enhances the 
elastic component at the cost of the viscous compo-
nent, while physically, it increases stiffness and the 
aging index (Qin et al., 2014). 

Short-term aging can improve rutting resistance by 
hardening the binder, but prolonged aging adversely 
affects fatigue and fracture cracking resistance, pos-
ing challenges to pavement durability. Laboratory 
simulations of aging typically employ the Rolling 
Thin Film Oven Test (RTFOT) for short-term aging 
and the Pressure Aging Vessel (PAV) test for long-
term aging. Standard PAV protocols involve expos-
ing RTFO-aged samples to 100°C and 2.1 MPa for 20 
hours, simulating approximately five to ten years of 
field aging. (Bredenhann et al.2019) 

In tropical regions, where elevated temperatures 
accelerate aging, standard aging protocols may fall 
short in replicating field conditions. Extended aging 
durations of 40 and 60 hours have been proposed to 
better assess long-term performance under these con-
ditions (Gholami et al., 2024). Moreover, aging sus-
ceptibility varies significantly among same-grade 
binders from diverse sources due to differences in 
chemical composition and reaction kinetics. This 
highlights the need for a deeper understanding of 
binder variability and its influence on aging behavior 
(Roopashree & Singh, 2020). 

To evaluate cracking resistance, various chemical 
and physical tests, such as the softening point test and 
SARA analysis, provide insights into binder hardness 
and cracking potential. Precise predictive methods, 
including the fatigue factor, Linear Amplitude Sweep 
(LAS) test, and Double Edge Notched Tension 
(DENT) test, further assess fatigue and fracture re-
sistance (Zhou et al., 2013). However, the reliability 
of these evaluations depends on correlations among 
various parameters. 

This study investigates the effects of source varia-
bility and extended aging on binder crack resistance 
using chemical, physical, rheological, and advanced 
test methods. It also analyzes the inter-correlations of 
these parameters to identify the most reliable 

Evaluating bitumen long term cracking susceptibility: Chemical & 
rheological insight 
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ABSTRACT: Fatigue cracking is a critical distress mechanism in pavements, driven by environmental exposure 
that reduces binder flexibility, causing brittleness and cracks. Variability among same-grade binders due to 
differing aging susceptibilities further complicates cracking resistance. This study evaluates 12 binders from 
diverse sources under long-term aging simulated using a Pressure Aging Vessel (20, 40, and 60 hours). Tests 
included SARA fractionation, softening point, fatigue factor, Linear Amplitude Sweep (LAS), and Double Edge 
Notched Tension (DENT). Results showed that prolonged aging amplified variability in aging susceptibility. 
Conventional parameters like fatigue factor and fatigue life were unable to correlate with chemical and physical 
properties, whereas DENT parameters exhibited strong correlations, even under extended aging. These findings 
emphasize the limitations of existing parameters and highlight DENT testing as a superior tool for assessing 
binder performance under various aging conditions. 

Keywords: Fatigue and fracture cracking, Double edge notch tension test, Linear amplitude sweep test, Long 
term aging, Extended aging, Source variability 



indicators of cracking resistance under various long-
term aging conditions. By addressing the limitations 
of existing evaluation methods and proposing the 
most effective approach, the study aims to improve 
the predictive capability for binder durability across 
different aging scenarios. 

2. MATERIAL 

In this study, viscosity-grade 40 (VG 40), a widely 
used unmodified binder in India, was chosen as the 
test material. Samples were produced from six do-
mestic sources (Sources 1 to 6) and six international 
sources (Sources 7 to 12) to assess property variabil-
ity. Since the samples were collected from ongoing 
projects, the analysis also considers additional varia-
bility arising from differences in project conditions, 
source locations, and refinery processes. 

3. EXPERIMENTAL PLAN 

The experimental plan involved simulating short-
term aging through the Rolling Thin Film Oven Test 
(RTFOT) in accordance with ASTM D2872, fol-
lowed by long-term aging of the RTFO-aged binder 
using the Pressure Aging Vessel (PAV) as per ASTM 
D6521. Chemical analysis was performed using 
SARA fractionation, while physical properties were 
evaluated using the softening point test (ASTM D36). 
Rheological properties were assessed with a Dynamic 
Shear Rheometer (DSR) to determine the Superpave 
fatigue factor and conduct the Linear Amplitude 
Sweep (LAS) test (AASHTO TP101). Additionally, 
the Double Edge Notched Tension (DENT) test was 
performed to evaluate binder performance under frac-
ture conditions. 

4. RESULT AND DISCUSSION 

4.1.  Chemical properties of bitumen 
The chemical analysis in this study was conducted us-
ing SARA analysis, which categorizes bitumen, 
based on polarity, into four components: saturates, ar-
omatics, resins, and asphaltenes. The proportions of 
these components determine the overall hardness of 
bitumen. While various parameters have been used in 
literature, the Gaestel Index (Ic), as shown in Equation 
1, was found to be the most appropriate for assessing 
bitumen hardness. Binders with Ic values between 
0.22 and 0.5 are considered stable, those above 0.5 
are classified as hard, and values below 0.22 indicate 
soft binders (Paliukaite et al.2014 and Kleizienė et al. 
2019) 
Ic= (Saturates + Asphaltenes) / (Resins + Aromatics) 

(1) 

 

 
Figure 1. Chemical analysis of various binders 
 
In this study, long-term aged data was analyzed us-

ing the Ic value, revealing significant variability 
among binders of the same grade, as shown in Figure 
1. This variability became more pronounced with ex-
tended aging durations of 40 and 60 hours. Prolonged 
aging resulted in increased binder stiffness and re-
duced fatigue crack resistance. These findings high-
light the importance of considering both aging dura-
tion and source variability when evaluating binder 
durability. However, the rate of aging varied across 
sources, indicating that different binders of the same 
grade can exhibit distinct chemical kinetics based on 
their aging susceptibility. The observed decline in 
crack resistance with aging is further supported by 
correlations with other parameters, offering addi-
tional insights into binder behavior under prolonged 
long-term aging conditions. 

4.2. Correlation of softening point with Gaestel Index 
(Ic) 

As aging progressed, both the binder's hardness and 
softening point increased, which can be attributed to 
oxidation-induced molecular agglomeration and the 
formation of condensed aromatic rings (Saha Chow-
dhury et al., 2022). 

Although the softening point increased with pro-
longed aging duration, the graph has been omitted for 
brevity, and instead, the correlation with the chemical 
parameter is presented for better clarity in under-
standing their relationship. As expected, the softening 
point values exhibited a positive correlation with the 
Ic, as shown in Figure 2. This correlation further sup-
ports the reliability of Ic as a robust predictor of aging 
and the resulting stiffening of binders. Both parame-
ters show promise as reliable indicators for assessing 
crack resistance across various binder sources and ag-
ing conditions. Therefore, they are anticipated to cor-
relate with other critical parameters as well, enhanc-
ing the overall understanding of binder performance. 
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Figure 2. Correlation of Softening point with Gaestel Index 

 

4.3.  Cracking performance using Superpave fatigue 
parameter and LAS 

In this section, two rheological parameters were eval-
uated: the Superpave fatigue factor and fatigue life 
(Nf), calculated using the LAS test. As anticipated, 
aging led to an increase in binder stiffness, which re-
sulted in reduced fatigue resistance. This was re-
flected by an increase in the fatigue factor and a de-
crease in Nf over 20, 40, and 60 hours of aging. 

However, when correlating the chemical parame-
ter (on the primary axis) and physical parameters (on 
the secondary axis) with the fatigue factor (Fig. 3) and 
fatigue life (Fig. 4), the results did not align with ex-
pectations. Specifically, the fatigue factor was ex-
pected to show a positive correlation, and Nf was ex-
pected to show a negative correlation, with both the 
Gaestel Index (Ic) and the softening point (SP). The 
absence of these anticipated relationships raises con-
cerns about the reliability of these rheological param-
eters. They fail to align with chemical and physical 
properties, which are governed by similar stiffness 
principles, thus questioning their accuracy as indica-
tors of crack resistance. 

This discrepancy emphasizes the need for a more 
reliable and robust crack resistance parameter—one 
that consistently correlates with multiple properties 
and offers more accurate insights into binder crack re-
sistance across various aging conditions. 

 

 
Figure 3. Correlation of Fatigue factor with Gaestel index and 
softening point 

 
 

 
Figure 4. Correlation of Fatigue life with Gaestel index and 
softening point 
  

4.4. Cracking performance using Double-Edge 
Notched Tension (DENT) test parameter: 

The limitations of previous parameters were ad-
dressed by evaluating Crack Tip Opening Displace-
ment (CTOD), derived from the DENT test. CTOD 
assesses both crack initiation and propagation, mak-
ing it a robust indicator of fracture crack resistance. 
However, the test’s applicability is limited to aging 
durations of up to 40 hours, which meant it was only 
evaluated for 20 and 40 hours of long-term aging. 

A higher CTOD value indicates greater resistance 
to fracture cracking. Therefore, with prolonged aging, 
the CTOD value decreased, as expected. 

Through correlation studies, it was anticipated that 
CTOD would exhibit a positive correlation with Nf 
and a negative correlation with the fatigue factor, sof-
tening point (SP), and Gaestel Index (Ic). However, as 
shown in Figure 5, when fatigue factors (primary 
axis) and Nf (secondary axis) were correlated with 
CTOD, they did not align with the expected correla-
tions. In contrast, Figure 6 shows that when Ic 
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(primary axis) and SP (secondary axis) were corre-
lated with CTOD, strong and expected correlations 
were observed, reaffirming its reliability for predict-
ing crack resistance, even under prolonged long-term 
aging conditions. 

Moreover, in the absence of DENT test results, the 
strong correlation between Ic (chemical parameter) 
and SP (physical parameter) with CTOD suggests that 
these parameters can serve as indirect indicators of 
fracture crack resistance for binders across various 
long-term aging scenarios. 
 
 

Figure 5. Correlation of CTOD with Fatigue factor and Fa-
tigue life 

 
 

Figure 6. Correlation of CTOD with Gaestel index and sof-
tening point  

 

5. CONCLUSION 
The following conclusions can be drawn based on the 
above findings 
Ic was identified as the most reliable parameter for 

predicting binder stability and hardness, effec-
tively accounting for the polarity-based distribu-
tion of bitumen components. 

The softening point proved to be a robust physical pa-
rameter, providing consistent results even under 
prolonged long-term aging conditions. 

The positive correlation between Ic and SP confirmed 
the applicability and reliability of the chemical pa-
rameter in assessing binder aging and stiffness. 

Rheological parameters, including G*.sinδ and Nf, 
did not exhibit the expected correlations with Ic 
and SP, highlighting their limitations in predicting 
crack resistance. 

The CTOD from the DENT test demonstrated strong 
correlations with both Ic and SP, establishing itself 
as the most reliable parameter for evaluating crack 
resistance, even in extended aging scenarios. 

In the absence of DENT test results, Ic and SP can 
serve as practical predictive tools for assessing 
fracture crack resistance due to their strong corre-
lation with CTOD. 

This study highlights the need for integrating ad-
vanced testing methods like CTOD with chemical 
and physical parameters to enhance the assessment 
of binder performance under aging conditions. 
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1 INTRODUCTION 

The continuous increase in bitumen consumption 
will ultimately lead to energy shortages (He et al., 
2019). Additionally, modern refining processes are 
more efficient in extracting high-value products 
from crude oil, leaving less high-quality residue for 
bitumen production (Lapidus et al., 2018). Moreo-
ver, the production of bitumen results in excessive 
CO2 emissions and energy consumption, which in-
creases environmental concerns (Thives and Ghisi, 
2017). These concerns necessitate the urgent explo-
ration of alternative, eco-friendly resources for bi-
tumen. One of the ways to make the pavement in-
dustry more sustainable is using bio-based 
alternatives to partially replace bitumen (Espinosa et 
al., 2024). However, although the use of bio-bitumen 
offers a sustainable option, the selection of bio-
additives is currently arbitrary. Mixing bitumen with 
less suitable bio-additives may lead to incompatibil-
ity issues and thereby adversely affect the perfor-
mance of bio-bitumen. 

One promising approach to evaluate compatibil-
ity is using solubility science. Hansen solubility pa-
rameter (HSP) is one of the most used solubility-
based models (Hansen, 1969). The HSP consists of 
three parts influencing a given material’s solubility, 
namely dispersion forces (δD, in MPa1/2), polar inter-
actions (δP, in MPa1/2), and hydrogen bonding (δH, in 
MPa1/2) (Hansen, 1969). Materials which have simi-
lar values of HSPs are believed to be soluble and 
compatible with each other (Hansen, 2007). 

However, there are no established methods to sci-
entifically characterise the compatibility between 
bio-additives and bitumen (Yang et al., 2017). Cur-
rent approaches are primarily based on trial and er-

ror, lacking scientific basis and fundamental under-
standing of physicochemical interactions in these 
complex mixes. In this regard, this study will evalu-
ate compatibility of bio-additives and bitumen using 
HSP approach. This approach will investigate the 
fundamental physiochemical interactions in bio-
bitumen and is envisaged to lead to a necessary un-
derstanding in terms of the influence of compatibil-
ity on the physical performance of bio-bitumen. 

2 MATERIALS AND METHODS 

2.1 Materials 
A PG 64-22 neat bitumen with a penetration of 81 
(0.1mm) and softening point of 45.5 oC, and two 
bio-additives, namely tall oil and recycled cooking 
oil were employed in this study. The HSPs of bitu-
men and bio-additives were measured using 33 dif-
ferent chemicals with a wide range of known HSPs. 

2.2 Testing methods 
Bitumen and its subfractions, namely asphaltenes 
and maltenes, as well as bio-additives were dis-
solved by the solvents in glass vials. Then the solu-
tions were stored at fume hood for 24 hours. For 
solvents that could dissolve bitumen or its subfrac-
tions, homogeneous solutions were observed. For 
solvents that could not dissolve bitumen or its sub-
fractions, bitumen or its subfractions precipitated at 
the bottom of the containers. Regarding the solubili-
ties of bio-additives, if the bio-additives and solvents 
were mutually soluble, homogeneous blends were 
observed. If they were insoluble, distinct boundaries 
between the materials were observed. Based on the 
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solubility tests, the HSP values of each material 
could be computed using the HSPiP software. 

Frequency sweep tests were carried out for exam-
ining the rheological performance of bitumen. The 
frequencies ranged from 0.1 rad/s to 100 rad/s, and 
the temperatures ranged from 10 °C to 70 °C in 10 
°C intervals, with a strain level of 0.2%, and two 
replicates were tested. For the BBR tests, two repli-
cates were tested at -12 °C, -18 °C, and -24 °C  

3 RESULTS AND DISCUSSION 

3.1 Hansen Solubility Parameters 
The Hansen spheres of two bio-additives and mal-
tenes as well as asphaltenes are shown in Figure 1. 
The visualised HSPs of two bio-additives were sig-
nificantly different. The Hansen sphere of asphal-
tenes was almost entirely covered by that of bio-
additive 1 while partially covered by that of bio-
additive 2. In terms of the Hansen sphere of mal-
tenes, it overlapped partially with both bio-additive 
1 and bio-additive 2. The overlapping ratio of the 
Hansen spheres of asphaltenes and maltenes was 
96.99%. Moreover, it was observed that asphaltenes 
were more soluble in bio-additives compared to mal-
tenes. The overlapping ratios of Hansen sphere of 

asphaltenes with bio-additive 1 and bio-additive 2 
were 97% and 52.81%, respectively, which were 
45.9% and 35.2% higher than the overlapping ratios 
of maltenes and bio-additives. It should be noted that 
the Hansen radius of maltenes was greater than that 
of asphaltenes, indicating that maltenes were more 
soluble than asphaltenes, which explained why the 
overlapping ratios between maltenes, and bio-
additives were relatively smaller. However, the 
overlapping ratios between maltenes and bio-
additives were still reasonably high, indicating that 
the affinity and compatibility between maltenes and 
bio-additives to be adequate. 

Previous studies have postulated that bitumen is 
considered compatible with modifiers and additives 
when their Hansen spheres partially overlap 
(Sreeram et al., 2022, Hu et al., 2024). Therefore, 
given that the Hansen spheres of both maltenes and 
asphaltenes were significantly overlapped with those 
of bio-additives, it can be assumed that the bio-
additives used in this study were theoretically 
compatible with bitumen to a large extent. However, 
it is noteworthy that bio-additives used in this study 
had different compatibilities with bitumen fractions. 
This is expected to be reflected in their rheological 
performance.

  
Figure 1 Hansen spheres of bio-additives and bitumen subfractions 

3.2 Master curves and black space diagrams 
The master curves and black space diagrams were 
plotted based on the frequency sweep tests. As 
shown in Figure 2(a), the incorporation of bio-
additives significantly softened bitumen as the mas-
ter curves for complex modulus moved downwards 
after the addition of the bio-additives. It was also 
noted that the addition of bio-additives had more 
pronounced impact on the complex modulus at low-
frequency (high-temperature) range. Two bio-
additives showed similar effect on the complex 
modulus of bio-bitumen as the master curves of the 
two bio-bitumen were almost parallel, though bio-

additive 1 showed higher efficiency compared to 
bio-additive 2 as bio-bitumen 1 was softer than bio-
bitumen 2. When it comes to the master curves for 
phase angle, it was observed that the bio-bitumen 
was more viscous than the control bitumen as the 
master curves for phase angle moved upwards. It 
was noteworthy that bio-additives had more signifi-
cant impact on the phase angle at high-frequency 
(low-temperature) range, which was opposite to the 
impact on complex modulus. It has been reported 
that higher phase angle at low-temperature is benefi-
cial for the relaxation properties of bitumen (Pri-
merano et al., 2023), therefore, the incorporation of 
bio-additives could significantly improve the ther-



mal cracking resistance of bio-bitumen. The impact 
of bio-additive 1 was more pronounced than bio-
additive 2 in terms of increasing the phase angle of 
bio-bitumen, which was consistent with that for 
complex modulus. As the bio-bitumen was softer 

and more viscous than control bitumen, its high-
temperature performance might be compromised. 
Therefore, these bio-additives were more suitable to 
be used as softeners or rejuvenators for softening the 
aged bitumen to recover its performance. 
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(a) Master curves (b) Black diagrams 
Figure 2 Rheological properties of bitumen 

G-R parameter is proven to be highly correlated 
with the durability of asphalt pavements (Rowe et 
al., 2014). A lower value of G-R parameter suggests 
that the bitumen is more durable and less susceptible 
to fatigue cracking. The observation from Figure 
6(b) indicated that both control bitumen and bio-
bitumen fell within the “safe zone”, suggesting that 
these materials were less likely to encounter durabil-
ity issues. Being in the “safe zone” implied that the 
properties and performance characteristics are within 
acceptable limits. Notably, the addition of bio-
additives lowered the G-R parameters of the bio-
bitumen, indicating better durability. Furthermore, 
bio-additive 1 showed more pronounced effective-
ness. The observations from Figure 2 aligned with 
the HSP results. The improvement or lack of detri-
mental effect in term of rheological properties could 
be reflected by the high compatibility between bio-
additives and bitumen subfractions. Moreover, bio-
additive 1 was more compatible with bitumen sub-
fractions compared to bio-additive 2, therefore, the 
rheological properties of bio-bitumen 1 were seem-
ingly superior to those of bio-bitumen 2. 

3.3 Low-temperature performance of bitumen with 
bio-additives 

The critical temperatures and ΔTc of bio-bitumen 
and control sample are shown in Figure 3. The in-
corporation of bio-additives significantly improved 
the low-temperature performance (thermal cracking 
resistance) of bitumen. For the control sample, its 
performance grade (PG) was PG 64-22, while for the 
two types of bio-bitumen, their performance grades 
were PG 64-40 and PG 64-34, which improved three 
and two grades, respectively. The incorporation of 

bio-additives also improved the relaxation properties 
of bitumen, denoted by the shifting of lower PG 
from m-value controlled to stiffness controlled. 
More negative values of ΔTc are correlated with 
higher susceptibility to thermal cracking (Asphalt 
Institute, 2019). It is evident from Figure 3 that after 
the modification, the bio-bitumen was less suscepti-
ble to thermal cracking. Therefore, the incorporation 
of bio-additives improves the low-temperature per-
formance of bitumen in two ways: lowering the crit-
ical temperature and reducing the cracking suscepti-
bility. Overall, the incorporation of bio-additives 
effectively improved the thermal cracking resistance 
of bitumen at low-temperature. This observation was 
conducted on unaged samples, further testing is re-
quired for aged samples. 
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Figure 3 Low-temperature properties of bitumen 

It was also observed that bio-additive 1 was more ef-
fective than bio-additive 2 in terms of improving the 
thermal cracking resistance of bitumen. Combining 
the low-temperature performance of bio-bitumen 



and the results of Hansen solubility parameters, it 
could be assumed that HSP is correlated with low-
temperature performance of bio-bitumen, as the 
overlapping ratios of Hansen spheres were positively 
correlated with the low-temperature performance. 
When the same dosage of bio-additives was added to 
bitumen, the bio-additive with higher Hansen sphere 
overlapping ratio could improve the thermal crack-
ing resistance of bitumen more significantly. It is 
likely that although adding higher dosage of bio-
additives could improve the low-temperature per-
formance of bitumen due to a softening effect, in-
compatibility issues might arise. Therefore, it is be-
lieved that bio-additives with higher overlapping 
ratio could be more efficient and compatible in 
terms of material chemistry. In relation to this, the 
HSP-based solubility science could potentially be 
used to select highly effective additives or extenders 
for bio-based bitumen. 

4 CONCLUSIONS 

This study investigates the use of solubility sci-
ence to evaluate fundamental physicochemical inter-
actions and compatibility between bitumen and bio-
additives. Based on the results conducted on repre-
sentative bio-additives, the following findings and 
conclusions could be drawn. 

• Bio-based additives could improve the low-
temperature performance of bitumen by lowering the 
critical temperatures and reducing cracking suscep-
tibility. The addition of bio-additives lowered the 
complex modulus of bio-bitumen while increasing 
its phase angle, which benefits the relaxation proper-
ties of bio-bitumen, thereby improving its durability. 

• Bio-additive 1 significantly outperformed bio-
additive 2 in enhancing bitumen performance at 
identical modification levels. Specifically, the G-R 
parameter and thermal cracking resistance of bio-
bitumen 1 were 438% and 200% greater than those 
of bio-bitumen 2, respectively. This superior per-
formance was attributed to the higher overlapping 
ratios of Hansen spheres between bio-additive 1 and 
maltene and asphaltenes, which were 45.9% and 
35.2% greater than those between bio-additive 2 and 
bitumen subfractions. 

• Solubility science, specifically Hansen solubili-
ty parameter (HSP) could be used as a fundamental 
basis for selecting the most optimum materials for 
partially substituting conventional bitumen. Over-
lapping ratios between bio-additives and bitumen or 
its subfractions were positively correlated with the 
rheological properties of bio-bitumen. 

• The application of HSP could identify the fun-
damental mechanisms of interaction between bio-
additives and bitumen. Highly efficient bio-additives 
have similar HSP with bitumen and its subfractions. 

The overlapping ratio could be used as an indicator 
for the compatibility. 
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1 INTRODUCTION 

1.1 General 
The use of Styrene-butadiene copolymer (SBS)-mod-
ified binders has gained prominence for improving 
pavement strength and performance (Airey, 2003; 
Zhang et al., 2014). SBS polymers, including linear, 
high vinyl, and radial types, display varying molecu-
lar structures and styrene/butadiene content, which 
influence binder performance (Hernández et al., 
2006). Radial/branched SBS polymers exhibit supe-
rior softening points, complex viscosity, and rutting 
resistance compared to linear types (Han et al., 2014). 
However, branched polymers often face phase sepa-
ration and poor dispersion issues (Bulatovic et al., 
2014). Polymers with high vinyl content show en-
hanced thermal stability (Luksha et al., 2006). De-
spite these advantages, SBS binders exhibit thermo-
oxidative instability during ageing, influenced by UV 
rays, oxygen, heat, and rain (Chen & Qian, 2003). 
This study examines how molecular structure impacts 
SBS binder morphology during unaged and PAV-
aged conditions using Atomic Force Microscopy 
(AFM) and Fluorescence Microscopy (FM). AFM 
has enabled researchers to identify the microstructure 
of binders, revealing two phases: a dispersed elliptical 
bee phase within the matrix. Wang et al. (2015) found 
that PAV ageing enhances the cohesive and adhesive 
strength of the binder, increasing spatial variation. 

Hofko's study demonstrates a relationship between 
the occurrence of bee structures and the presence of 
asphaltene (Hofko et al. 2016). The findings of this 
research will provide deeper insights into the ageing 
behaviour of SBS-modified binders, guiding the de-
velopment of more durable and efficient materials for 
asphalt pavements. Understanding the microscale 
changes under different ageing conditions will con-
tribute to better performance predictions and optimi-
zation of modified binder formulations for long-term 
infrastructure sustainability. 

2 MATERIALS AND METHODOLOGY 

2.1 Materials  
In this study, VG-10 was used as a base binder for the 
preparation of polymer-modified binders (PMBs). 
Moreover, to produce the modified binders, four dis-
tinct commercially available SBS polymers (L-SBS, 
B-SBS, HV-SBS, and DB-SB) were procured, which
was distinguished by their molecular structure and
chemical composition. The characteristics of the stud-
ied polymers along with the physical properties of the
base binder are depicted in Table 1.

2.2 Experimental plan 

2.2.1 Preparation of modified binders 
To prepare the modified binder, the SBS content was 
set at 4.5 wt.%, with the selected polymer being 
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supplied in pellet form. Mixing of the SBS polymer 
into the bitumen was conducted in the laboratory us-
ing the Silverson L4RT high-shear mixer, followed 
by further blending at 600 rpm for 90 minutes using a 
low-shear mixer. To prevent phase separation of the 
polymer, 0.12 wt.% of sulfur was added during the 
homogenization process.  

2.2.2 Ageing of modified binder 

The main objective of this research is to ascertain how 
four different SBS copolymers impact the degree of 
property deterioration in SBS-modified binders when 
subjected to heat and air, mirroring conditions en-
countered during road construction.  
To replicate actual site conditions, the modified bind-
ers underwent laboratory short-term aging using the 
rolling thin film oven (RTFO) and thereafter long-
term aging in the pressure aging vessel (PAV), fol-
lowing ASTM guidelines 

Table 1. Physio-chemical properties of base binder and different SBS copolymer used 
Base Binder 
properties 

Test 
value 

  Properties SBS copolymer 
 L-SBS B-SBS HV-SBS DB-SB 

Penetration @ 
25 °C  92  Molecular Structure Linear Radial Linear Linear 

Softening point 
(°C) 48  Copolymer type Tri-block Tri-block Tri-block Di-block 

viscosity @ 60 
°C (Poise) 920  Styrene/Butadiene ratio  ≈ 30/70 ≈ 30/70 ≈ 30/70 ≈ 30/70 

PG upper tem-
perature (°C) 58   Vinyl content (%) ≤ 15 ≤ 15 ≥ 30 ≥ 30 

2.3 Methodology 
Samples for Atomic Force Microscopy (AFM) were 
prepared using the heat casting method, where asphalt 
was heated, cooled, and stored before imaging with a 
Bruker Dimension Icon AFM. Surface topography 
and bee phase structures were analyzed using 
Gwyddion 2.3 software. Fluorescent Microscopy 
(FM) was employed to examine polymer particle dis-
persion before and after ageing, with samples viewed 
at 40X magnification on a Thermo-Fisher micro-
scope. 

3 RESULTS AND DISCUSSION 

3.1 Characterization of polymers 
The rheological characteristics of the PMBs are sig-
nificantly influenced by the molecular weight distri-
bution (Mw) of the polymers, which were evaluated 
using the Gel permeation chromatography (GPC) test, 
as depicted in Figure 2(a). Analyzing the GPC results 
for the four polymers reveals that L-SBS and HV-
SBS share a similar molecular weight (Mw) owing to 
their identical linear triblock molecular structure. In 
contrast, B-SBS exhibits the highest Mw, while the 
di-block polymer demonstrates a notably lower mo-
lecular weight compared to the other three polymers. 
Thermogravimetric analysis (TGA) was conducted to 
determine the initial and final degradation points, 
along with the residual mass, for the four SBS 

polymers. Notably, polymers with higher branching 
exhibited higher susceptibility to degradation com-
pared to linear polymers. These results underscore the 
impact of branching and molecular weight distribu-
tion on thermal stability. As depicted in Figure 2(b), 
it is evident that the B-SBS polymer undergoes abrupt 
degradation at 450 °C, followed by subsequent com-
bustion in comparison to its linear counterparts. 

3.2 AFM analysis 
To analyze the micromechanics and morphology of 
SBS-modified binders before and after ageing, the 
PFQNM mode of AFM was employed. AFM images 
(Figure 2) show the distinct bee phase and relatively 
flat matrix phase. Figures 2(a-d) depict unaged L-
SBS, B-SBS, HV-SBS, and DB-SB samples, while 
Figures 2(e-h) show the PAV-aged samples. The re-
sults indicate that the bee phase increased for all mod-
ified binders after PAV ageing, with L-SBS and B-
SBS showing a more significant increase (30% and 
19%, respectively), as presented in Table 3. This in-
crease suggests binder hardening and disruption of in-
termolecular networks during long-term ageing. In 
contrast, the increase in bee phase for HV-SBS and 
DB-SB was minimal (8% and 7%), indicating higher 
thermal stability due to their higher vinyl content. Ad-
ditionally, ageing caused a decrease in the length of 
the bee structures, particularly in B-SBS and L-SBS. 
the binder matrix remains unaffected. Therefore, the 
unaffected SBS network can retain the performance 
properties even after long term ageing. 
 



Figure 1. (a) GPC and (b) TGA analysis of studied SBS copolymers properties even after long-term ageing. 

Figure 2. Two-dimensional AFM images of different SBS-MB samples before and after PAV ageing (a, e) L-SBS, (b, f) B-SBS, (c, 
g) HV-SBS (d, h) DB-SB 

 
Table 3. Nano morphology parameters of AFM images 

Polymer type Ageing 
type 

  Nano-parameters of AFM study 
Proportion of bee 
(%) 

Length of 
bee (µm) 

Area of bee 
(µm2) 

Standard devia-
tion of  bee area 

L-SBS Fresh 37 2.66 2.42 0.78 
PAV 48 2.08 2.16 0.95       

B-SBS Fresh 42 3.3 3.14 0.69 
PAV 49 2.74 2.67 0.8       

HV-SBS Fresh 36 2.72 2.51 0.72 
PAV 39 2.76 2.58 0.55 

      

DB-SB Fresh 40 2.2 2.3 0.48 
PAV 43 2.25 2.34 0.62 

3.3 FM analysis 
To comprehend the effect of long-term ageing on the 
morphological behaviour of the modified binders 
with different SBS copolymers, FM study was con-
ducted. Since the rheological and chemical character-
ization of the binder shows maximum property dete-
rioration after long-term ageing, FM images have not 
been captured for short-term aged samples. Figure  
3(a, b, c, d) depicts the FM images of unaged modi-
fied binders prepared with L-SBS, B-SBS, HV-SBS 
and DB-SB polymer, respectively. Whereas, Figure 3 

(e, f, g, h) highlights the FM micrographs of PAV 
aged samples of the respective binders. It can be ob-
served that at unaged condition SBS particles are ho-
mogeneously dispersed in the binder matrix for all the 
studied SBS copolymers. At the unaged condition, 
due to similar molecular structure, L-SBS and HV-
SBS produced alike FM images with a filamentous 
appearance. B-SBS depicted a star-shaped formation 
due to the branching of strong polymer network den-
sity, whereas DB-SB showed a droplet-like structure 
with a homogeneous distribution. However, after 
long-term ageing, the polymer network density was 
fragmented for binders modified with B-SBS and L-



SBS polymers.  Due to longer ageing, the SBS mole-
cule might have been susceptible to thermal oxidative 
degradation, which in turn affected the strength of the 
polymer network structure. As a result, the polymer 
particles become less distinct or disappear altogether.  
In contrast, such degradation was not observed for 
HV-SBS and DB-SB modified binders after PAV 
ageing. Figure 3(f) and Figure 3(h) show the presence 
of ample polymer network density even after longer 
ageing. The results clearly illustrate that SBS 

polymers with higher vinyl content exhibit better 
thermal stability. An increase in the vinyl content in-
creases the number of C=C bonds as the side group in 
the butadiene segment. The thermally induced cleav-
age of the C=C bonds present as the side group will 
not reduce the overall length (molecular weight) of 
the SBS polymer, so the network created by the SBS 
polymer in the binder matrix remains unaffected. 
Therefore, the unaffected SBS network can retain the 
performance properties even after long term ageing.

Figure 3. Fluorescent microscopy images of unaged and PAV aged binder (a, e) L-SBS, (b, f) B-SBS, (c, g) HV-SBS (d, h) DB-SB

CONCLUSION 

The crucial finding of this research is summarized  
below. 
• Surface topographical AFM images highlight the 
augmentation of a higher proportion of bee phase for 
binders modified with L-SBS and B-SBS. Such a re-
sult emphasizes binder hardening and SBS degrada-
tion effect due to PAV ageing. However, HV-SBS 
and DB-SB polymer modified showed negligible 
changes in such parameters after long-term ageing.  
• Study also finds that B-SBS and L-SBS modified 
binders depict substantial deterioration in SR value, 
which highlights lower self-healing properties against 
long-term ageing. However, such a detrimental effect 
was not visible for high vinyl polymers used in this 
study 
• FM study shows that after long-term ageing, the 
polymer network density was fragmented for binders 
modified with B-SBS and L-SBS polymers, and that 
was due to the ageing of modified binder, which dis-
solves the insoluble polybutadiene segment into ma-
trix and disappearance of polymer particles occurs. 
• The findings suggest that while L-SBS, HV-SBS, 
and DB-SB share a common linear molecular chain 
structure of SBS, the presence of higher vinyl content 
in the polymer renders HV-SBS and DB-SB less sus-
ceptible to oxidative thermal degradation. 
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1 INTRODUCTION 

The aging process of bituminous binders is crucial 
for the longevity of asphalt pavements, as excessive 
aging can significantly impair the durability of 
asphalt mixtures. Aging occurs in two phases: short-
term aging during storage, mixing, and paving, and 
long-term aging that occurs in service (Petersen 
2009). Key mechanisms such as oxidation, 
evaporation of volatile components, and steric 
hindrance drive these processes, with oxidative 
aging having a particularly pronounced impact on 
long-term pavement performance. Standard aging 
protocols, including the Rolling Thin Film Oven 
(RTFO) and Pressure Aging Vessel (PAV), have 
been established to simulate these conditions 
(Nagabhushanarao and Vijayakumar 2021, Koyun et 
al. 2022). However, these aging protocols have been 
proven to be not accurate enough in simulating field 
asphalt pavement aging (Singhvi et al. 2022). To 
improve laboratory protocols and better mimic field 
conditions, it is essential to understand the effect of 
mineral fillers and the effects of environmental 
factors such as pressure, moisture, and reactive 
oxygen species (ROS) (Khalighi et al. 2024a, 
Khalighi et al. 2024b). 
Fillers significantly influence the aging behaviour of 
asphalt binders, affecting both their chemical and 
physical properties. Previous studies indicate that 
fillers like hydrated lime can retard aging more 
effectively than other materials, limiting oxygen 
diffusion and reducing viscosity and softening point 
increases (Gubler et al. 1999, Alfaqawi et al. 2022). 
Additionally, environmental factors, including 
pressure and moisture, also play a vital role in the 
aging process, with the combination of these 
elements requiring careful examination to develop 
more representative aging protocols. This study aims 
to investigate the responses of mastics containing 

hydrated lime and limestone to hygrothermal aging 
in PAV (Khalighi et al. 2024c, Khalighi et al. 2024a) 
and VBA (Khalighi et al. 2024b), utilizing Fourier-
transform infrared spectroscopy (FTIR) (Khalighi et 
al. 2024d) and principal component analysis (PCA) 
(Ma et al. 2023) to assess and compare aging 
behaviours at the mastic level. 

2 MATERIALS AND METHODS 

2.1 Materials and sample preparation 
In this study, one PEN 70/100 bituminous binder 
was evaluated, named as Q, which has a softening 
point between 43-51 °C. Its complex shear modulus 
at 1.6 Hz and 60 °C is 1.8 kPa, with a phase angle of 
88° under the same conditions. The elemental com-
position includes nitrogen (0.59%), carbon 
(79.19%), hydrogen (10.81%), sulfur (4.47%), and 
oxygen (2.25%). 
Binder samples were prepared by pouring 50 grams 
of fresh binder into pans, forming films of 3.2 mm 
thickness. Short-term aging was conducted at 163°C 
for 5 hours per EN 12607-2 (EN 12607-2 2014). 
Portions of the aged binders were then transferred to 
glass petri dishes to achieve a uniform 1 mm thick-
ness by reheating at 163°C for 3 minutes. For mas-
tics, two types were prepared using different fillers: 
Wigro (limestone) and Wigro60k (hydrated lime), 
with a filler-to-bitumen ratio of 1:1. The specifica-
tions for fillers can be found in (Khalighi et al. 
2024a). Both components were preheated to 130 °C 
for one hour, then mixed and stirred for five 
minutes. The mixture was then oven-cured at 130°C 
for 30 minutes and manually stirred for even distri-
bution of filler. 

2.2 Long-term aging conditions 
The LTA conditions involved PAV treatment at 
85°C for varying durations (10, 20, 40 hours) and 
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99% relative humidity, using 1000 grams of demin-
eralized water to achieve this (Khalighi et al. 2024a). 
Additionally, the Viennese Binder Aging (VBA) 
method was employed, exposing samples to air with 
25 ppm NO2 and 4 g/m³ ozone at 85 ± 1°C for three 
days, along with 75 g/m³ humidity (VBA-Wet) 
(Mirwald et al. 2020). Naming conventions include 
"W"/"W60k" for Wigro/Wigro60k, "VBA-W" for 
hygrothermal aging in VBA, and "W-10H" for hy-
grothermal aging in PAV for 10 hours.  

2.3 Fourier-transform infrared spectroscopy 
(FTIR) 

Chemical changes in mastic samples during aging 
were analysed using ATR-FTIR spectroscopy. Sam-
ples (~1 g) were heated to 110°C, stirred, and depos-
ited on silicon foil for analysis with a Nicolet iS5 
Thermo Fisher Scientific instrument, generating four 
spectra per aging state in the 4000–400 cm−1 range. 
Pre-processing included an 8-point baseline correc-
tion and normalization via the NMO method 
(Khalighi et al. 2024d). Table 3 lists the wave-
number ranges of main functional groups identified 
for mastic samples. Functional group indices were 
calculated using the equation:  
index = Ax / ATotal              
 (1) 
ATotal = A810 + A1030 + A1376 +A1460 + A1600 +A1700 
+A2953+ A3400                (2) 
Where Ax represents the tangential peak area under 
the curve within specified ranges from Table 1. 
Table 1. Main functional groups of mastic in FTIR 
spectra (Khalighi et al. 2025). 
__________________________________________________ 
Area          Vertical band limit (cm-1)      Functional 
groups __________________________________________________ 

A810 680-912 (CH2)n, thiols, CO₃²⁻ 
A1030 930-1120 S=O, silicate 
A1376 1350-1395 Branched aliphatic structures 
A1460 1395-1525 CH3 and CH2, CO₃²⁻ 
A1600 1550-1660 Aromatic structure,C=C 
A1700 
A2953 
A3400 

1660-1735 
2820-2990 
3100-3700 

Carbonyl, C=O 
Aliphatic structures 
Hydroxyl stretching, OH, NH  

2.4 Principle component analysis (PCA) 
PCA is a crucial method for transforming datasets 
with many variables into uncorrelated components, 
aiding in dimensionality reduction. The scores for 
target samples are calculated using Y = X × W, 
where X is the dataset of m samples across l catego-
ries and n variables. The matrix W, an n × p loading 
matrix, indicates the selected principal components, 
while Y forms an m × p score matrix projecting X 
into a p-dimensional feature space. W is derived 
from the eigenvectors and eigenvalues of the covari-

ance matrix of the spectral dataset, with the largest 
eigenvalues selected to construct W. PCA loadings 
are further analyzed to identify significant regions 
for cluster formation (Ma et al. 2023). The dataset 
for PCA included FTIR results, encompassing all 
indices listed in Table 1, and an additional analysis 
utilized the entire FTIR spectra for comparison. 

3 RESULT AND DISCUSSION 

3.1 Effect of Aging on Mastic Samples using FTIR 
Figure 1 shows the pre-processed FTIR spectra of 
mastic samples subjected to hygrothermal aging in 
PAV and VBA. Notably, certain spectral regions, 
particularly the fingerprint region, exhibit an upward 
shift with aging. To quantify these changes, the are-
as under the key peaks will be analysed according to 
the regions specified in Table 1. Previous studies 
have identified the carbonyl, sulfoxide, hydroxyl, 
and long-chain indices in the 680-734 cm⁻¹ and 783-
838 cm⁻¹ regions as significant for mastic differenti-
ation and aging (Khalighi et al. 2025). Consequent-
ly, these indices will be the primary focus of the 
analysis. 

Figure 1- FTIR spectra of fresh, short-term aged, and long-term 
aged mastics under various hygrothermal aging conditions in 
PAV (10, 20, and 40 hours) and VBA-WET: a) pre-processed 
spectra; c) variations in the 650-1800 cm⁻¹ fingerprint region. 
 
Figure 2a illustrates the carbonyl index, which in-
creases with long-term aging, indicating the for-
mation of oxidative products. Notably, hygrothermal 
aging under PAV conditions, particularly at 40 
hours, results in a more significant increase in the 
carbonyl index compared to 72 hours of VBA-WET 
aging, underscoring the role of high pressure in oxi-
dative degradation. Figure 2b presents the sulfoxide 
index, which remains relatively stable across various 
aging conditions but shows a slight increase during 
long-term aging (LTA). The pronounced sulfoxide 
peak can be attributed to the presence of sulfur- or 
silicate-containing groups in the fillers. Figure 2c 



depicts the hydroxyl index, which also rises with ag-
ing, indicating an accumulation of oxidative prod-
ucts. Longer PAV aging increases this index more 
than VBA-WET aging for W mastic, although the 
trend is similar for W60k mastic. Figures 2d and 2e 
display the long-chain index, which exhibits mini-
mal changes under most aging conditions. However, 
a decrease is observed in the 783-838 cm⁻¹ region 
for W mastic during LTA, while the W60k sample 
remains relatively stable. The slight variations in the 
long-chain index may be influenced by the carbonate 
content in fillers such as limestone and carbonated 
hydrated lime.  

 

 
Figure 2- FTIR results for all samples: a) carbonyl index, b) 
sulfoxide index, c) hydroxyl index, d) 680-734 cm⁻¹, and e) 
783-833 cm⁻¹, showing the effects of long-term aging under 
various conditions, including PAV (10, 20, and 40 hours) and 
VBA-WET aging. 

3.2 Comparison of Mastic types 
The comparison of W (limestone) and W60k (hy-
drated lime) mastics reveals significant differences 
in their aging behavior. For the carbonyl index (Fig-
ure 2a), both mastics exhibit similar trends under 
PAV aging; however, under VBA-WET conditions, 
W60k displays a lower carbonyl index, suggesting 
reduced oxidative aging due to the protective proper-
ties of hydrated lime. Regarding the sulfoxide index 
(Figure 2b), W60k consistently shows lower values 
compared to W mastic, likely attributable to differ-
ences in filler formulations. The hydroxyl index 
(Figure 2c) indicates a distinct peak for W60k mas-
tic, reflecting the presence of OH functional groups 
in the filler, which is absent in W mastic. In the 680-
734 cm⁻¹ region (Figure 2d), the long-chain index is 
generally higher for W mastics, likely due to the 
greater carbonate content in limestone. Conversely, 
in the 783-838 cm⁻¹ region (Figure 2e), W60k mas-
tic exhibits greater stability, with less degradation 
over time compared to W mastic, particularly under 
long-term aging and VBA-WET conditions. This 
suggests that W60k mastic is more resistant to oxi-
dative and long-term aging. Further research is 
needed to validate these findings. 

3.3 Mastic type analysis using PCA with indices vs. 
spectral data 

This step aimed to compare the effectiveness of 
FTIR indices versus the entire FTIR spectra for ana-
lysing aging trends and sample classification. PCA 
was conducted separately on the FTIR indices and 
full spectra. The first two principal components ex-
plained over 80% of the variance for the indices and 
more than 70% for the spectra. A two-dimensional 
plot of PC1 versus PC2 (Figure 3) effectively repre-
sents the data. Figure 3 shows a clear distinction be-
tween W and W60k mastic samples in both FTIR 
indices and spectra-based PCA results, indicating 
that the preprocessing and index calculations retain 



essential information about sample type and aging 
behaviour. Both PC1 and PC2 are critical for differ-
entiating the samples and tracking the aging process, 
with consistent aging trends observed in both anal-
yses, characterized by a shift toward higher PC1 and 
lower PC2 values. 

 
Figure 3- PCA plot of a) FTIR indices and b) FTIR spectra for 
fresh, short-term aged, and long-term aged mastic samples sub-
jected to hygrothermal aging in PAV (10, 20, and 40 hours) 
and VBA-WET aging. 

4 CONCLUSION 

In conclusion, this study highlights the distinct aging 
behaviors of W (limestone) and W60k (hydrated 
lime) mastics, as revealed through FTIR analysis 
and PCA. The results demonstrate that W60k exhib-
its greater resistance to oxidative aging, particularly 
under VBA-WET conditions, as evidenced by lower 
carbonyl and sulfoxide indices. Additionally, the 
hydroxyl index indicates the presence of OH func-
tional groups in W60k. The PCA results effectively 
illustrate the differentiation between the two mastic 
types, confirming that both FTIR indices and spectra 
retain critical information about sample aging and 
classification. Overall, these findings suggest that 
the choice of filler significantly impacts the aging 
behavior of mastics, and further research is warrant-
ed to explore the underlying mechanisms and impli-
cations for material performance in real-world appli-
cations. 
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1 INTRODUCTION  

The continuous advancement and innovation in mate-
rials science-based experimental techniques refo-
cuses the evaluation of bitumen performance towards 
determining more intrinsic physicochemical phenom-
ena [1]. As a component of this development, cou-
pling microscopic features of bitumen with its chem-
ical composition is essential for acquiring deep 
knowledge about the interactions and processes caus-
ing the macroscopic manifestations. 

The microscopic analysis of the spatial distribution 
of chemical tracers by Fourier-transform infrared 
(FTIR) enables the chemical identification of the mi-
crophases present within heterogeneous materials 
such as polymer-modified bitumens [2, 3]. The com-
bination of a spectrometer and a FTIR microscope 
provides spectral characteristics (and their spatial dis-
tribution) on the specimen’s surface by determining 
an infrared spectrum for each pixel of the two-dimen-
sional image’s raster. To obtain this image, the sam-
ple to be analysed must be placed on a motorised 
stage under the objective. The infrared spectrometer 
generates a beam of infrared light which reaches the 
specimen’s surface after passing through a system of 
reflective optics. The reflected beam is being received 
by an array detector cooled by liquid nitrogen. The 
attenuated total reflectance (ATR) imaging infrared 
microscopy technique provides high-resolution spec-
tral maps of two-dimensional surfaces [3, 4]. 

The potentially high spatial and temporal hetero-
geneity of modified bitumen’s microstructure due to 

the phase separation under various factors like com-
position and ageing is the main are among the main 
tasks of the microscopic analysis. Nevertheless, there 
is still little scientific knowledge beyond the common 
qualitative characterisation. This is even more im-
portant knowing that bitumen’s bulk thermo-mechan-
ical properties are intrinsically dependent on its com-
ponent’s interfacial morphology and chemical 
interactions. Therefore, it is particularly important to 
provide comprehensive understanding on the influ-
ence of modification and thermo-oxidative ageing on 
the microstructure of bitumen, as well as to interpret 
its effects on the behaviour of the entire system.  

The objective of this research was to investigate 
the potential for quantifying the microstructural fea-
tures with indistinct interfaces of montmorillonite-
modified bitumen based on the FTIR microscopy. 

2 MATERIALS AND METHODS  

2.1 Materials 
The base bitumen used in this research had the pene-
tration grade of 50/70 (according to NF EN 12591), 
with the penetration of 58 · 10−1 mm and the softening 
point of 49.6 °C. The base bitumen was modified by 
organo-modified montmorillonite previously sub-
jected to surface treatment by a quaternary ammo-
nium salt and dimethyl dihydrogenated tallow. 

The modified bitumen was prepared using a high-
shear mixer. Initially, 400 g of base bitumen was 
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tations of ageing were recognised to be the most promising application of this approach. Moreover, there is 
a huge potential for evaluating interfacial chemical interactions like diffusion in polymer-modified bitumens. 



heated at (140 ± 5) °C in a 2000 ml spherical flask un-
til it become a well-melted fluid. Afterwards, the 
mass fraction of 3 % of organo-modified montmoril-
lonite (steamed for 3 h at 105 °C before the use) was 
added into bitumen and mixed for 60 min at the rate 
of 3000 min−1 to homogenise the dispersion, and af-
terwards left to cool to room temperature for 48 h. 

2.2 Specimen preparation and measurement 
The measurements were performed by placing a few 
grams of on the microscope’s observation stage. The 
images were obtained using ATR with germanium 
crystal having the refraction index of 4.01 and the 
contact area of approximately 600 μm of diameter. 
The images had the field of view of 400 by 400 µm 
and the effective pixel size of 1.56 by 1.56 μm. The 
analysis covered the domain of wavelengths from 960 
to 1100 cm−1 to include the peak of Si–O at 1050 cm−1 

as a tracer of montmorillonite, so the image pixel val-
ues represented the integral on this range, I960–1100. 

2.3 Postprocessing and analysis of micrographs 
To minimise the misjudgement of pixel values origi-
nating from the image noise (common for this type of 
microscopy) the noise reduction was necessary. This 
was done by 20 iterations of an anisotropic diffusion-
based algorithm [5, 6] which favoured the diffusion 
along contours and suppressed it orthogonally. The 
output of noise removal is shown in Figure 1. 

To obtain regions representing different character-
istic areas under the FTIR spectra in the range from 
960 to11100 cm−1, the postprocessed micrographs 
were successively thresholded by fixing the lower 
threshold at I960–1100 of 0, while the upper threshold 
was gradually increased from 1.0 to 4.0 with the in-
crement of 0.2. A series of output binary images rep-
resented regions with different maximal values of 
I960–1100, while their inversion defined discrete (i.e. 
peak) regions including the local maxima of I960–1100, 
as shown in Figure 2. The morphology of the latter 
discrete regions was characterised for area (size) dis-
tributions and for the spatial arrangement (F- and G-
functions) [6], while the former regions were charac-
terised by local thickness distributions [6]. 

3 RESULTS  

3.1 Size distribution of peak regions 
Diagrams of the area-weighted cumulative distribu-
tions of peak region areas for different lower thresh-
old values of I960–1100 are shown in Figure 3. It could 
be observed that the areas of peak regions almost con-
tinuously reduced with increase in the lower thresh-
old. Thus, with the relatively low thresholds of up to 
about 2.0, the evolution was drastic with no noticea-
ble consistency. Nevertheless, this trend got gradually 
stabilised above the I960–1100 of 3.0, so the evolution 
taking place up to 4.0 became minor.  

3.2 Spatial arrangement of peak regions 
Diagrams of the F- and G-functions of peak regions 
for the lower threshold values of I960–1100 correspond-
ing to the thresholded area fractions of 0.01 and 0.1 
are shown in Figure 4. It was noticeable that both 
functions mainly differed due to different total num-
ber of peak regions, while their overall shape was 
similar. In both cases, the F-functions suggested ran-
dom global arrangement across the field of view (and 
were even partially within the confidence intervals of 
the CSR), with symbolic tendency towards the regu-

Figure 1. Micrograms representing the values of I960–1100 of the 
bitumen specimen: (a) original micrograph of bitumen and (b) 
micrograph of bitumen after the reduction of noise.  



lar arrangement. This was confirmed by the G-func-
tions which were predominantly rightwards of the 
CSR, especially in lower half of their domain.  

3.3 Local thickness distributions 
Colour maps of local thicknesses for different upper 
thresholds of I960–1100 and the diagrams of local thick-
ness distributions of the thresholded regions are 
shown in Figures 5 and 6, respectively. The colour 
maps indicated the high interconnectivity of the inter-
mediate zones around the peak regions with only neg-
ligible presence of throats around the upper threshold 
of 2.8, which was not visible at other thresholds. The 
continuous distribution of local thicknesses was 
maintained at all thresholds and drastically evolved 
until reading mostly steady state above the threshold 

of 3.0. Consequently, the median diameter changed 
from the initial value approximately 3 μm to about 
100 μm where it was stabilised for the range of upper 
thresholds of I960–1100 from 3.0 to 4.0. In that domain, 
the distributions had extremely high uniformity, so 
that d0.1 and d0.9 were approximately 80 and 150 μm. 

4 CONCLUSIONS 

This research demonstrated a high potential of the ex-
perimental and analytical methodology based on in-
frared microscopy to comprehensively quantify the 
heterogeneous microstructure of montmorillonite-
modified bitumen. It could be concluded that the 

Figure 2. Examples of inverted cumulative thresholding of the 
values of I960–1100 of the original bitumen for two characteristic 
values of lower thresholds (i.e. peak regions): (a) I960–1100 > 2.2 
and (b) I960–1100 > 3.4. 

Figure 3. Area-weighted cumulative distributions of peak region 
areas for different lower threshold values of I960–1100. 

 
Figure 4. Spatial arrangement functions of peak regions for the 
lower threshold values of I960–1100 corresponding to the 
thresholded area fractions of 0.01 and 0.10. 



modification of bitumen led to mostly randomly het-
erogeneous microstructure with notable peakedness 
of the regions of modifier’s high concentration. 

The area distributions of peak regions indicated 
that the gradients of I960–1100 were the largest in the in 
the closest vicinities of the local maxima, as these re-
gions were the least sensitive to the successive thresh-
olding. Quite the opposite, the intermediate regions 
had typically low gradients. The consideration of dif-
ferent of 0.01 and 0.1 did not considerably affect the 
conclusions about these regions’ agglomeration. It 
was found that the local peaks seemed to repel each 
other in the areas of their higher agglomeration, 
which gradually diminished on a larger scale.  

The most promising application of this approach is 
the microstructural characterisation of ageing, which 
should be prioritised in the future research. Moreover, 
the quantitative morphological analysis of infrared 
micrographs reveals huge potential for evaluating in-
terfacial chemical interactions (like diffusion) typical 
for polymer-modified bitumen. 
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1 INTRODUCTION  

Bitumen is an important material in road construc-
tion, serving as the primary binder in asphalt mix-
tures [1, 2]. However, its high viscosity at typical 
production temperatures poses challenges in mixing 
and compaction, often necessitating elevated tem-
peratures during asphalt production. While this prac-
tice ensures workability, it also leads to high energy 
consumption and greenhouse gas emissions, raising 
environmental concerns [3]. 

To address these issues, warm-mix asphalt 
(WMA) technologies have emerged as a sustainable 
alternative, allowing asphalt production and paving 
at lower temperatures without sacrificing perfor-
mance [4, 5]. This is achieved through the use of 
warm-mix additives, which reduce the viscosity of 
bitumen, making it easier to mix and compact at re-
duced temperatures. These additives offer the poten-
tial to lower emissions, conserve energy, and en-
hance the long-term performance of asphalt 
pavement [6]. 

While warm-mix additives have been shown to 
improve workability, their effects on bitumen vis-
cosity, particularly in aged or polymer-modified bi-
tumen, require further exploration [7, 8]. Aged bi-
tumen often experiences increased stiffness due to 
oxidation, while polymer-modified bitumen, known 
as its enhanced durability and deformation re-
sistance, presents additional viscosity challenges [9]. 
Understanding how warm-mix additives influence 
both virgin and aged bitumen, with and without pol-
ymer modification, is crucial for optimizing WMA 
technologies. 

This study aims to study the impact of warm-mix 
additives on viscosity reduction of virgin and aged 
bitumen, both with and without polymer modifica-
tion. By comparing these effects, the research seeks 
to provide valuable insights into the use of warm-
mix technologies in the high-efficient rejuvenation 
process of bituminous materials. 

2 MATERIALS AND METHODS 

2.1. Bitumen and warm-mixing additives properties 
A 70/100 grade bitumen was chosen with its funda-
mental properties detailed in Table 1. Two commer-
cial warm-mixing agents, Sasobit (wax-based) and 
Rediset (chemical-based), were utilized to prepare 
the warm-mix bitumen. The characteristics of these 
two WMA additives are presented in Table 2. 

Table 1 Chemo-physical properties of bitumen 

Properties value 
25℃ Penetration (1/10 mm) 91 
Softening point (℃) 48  
 
Chemical  
fractions 
(wt%) 

Saturate, S 3.6 
Aromatic, A 51.6 
Resin, R 30.2 
Asphaltene, As 14.6 

 
Element 

compositions 
(wt%) 

Carbon, C 80.1 
Hydrogen, H 10.9 
Oxygen, O 0.6 
Sulfur, S  3.5 
Nitrogen, N 0.9 

Table 2 Basic property of warm-mix additive [10, 11] 
Properties Sasobit Rediset 
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Appearance 

  
25℃ Density (g/cm3) 0.900 - 
20℃ Solubility in water  Insoluble - 
40℃ viscosity (cP) - 135 
40℃ Density (g/cm3) - 0.962 
Flash point (℃) 285 230 
Initial boiling point (℃) 271 215 

Meanwhile, the bio-oil was used as rejuvenator 
for performance recovery of aged bitumen. The bio-
oil is the rapeseed oil with a pale-yellow color. Its 
density and viscosity at 25℃ are 0.911 g/cm3 and 50 
cP, respectively. The main molecular components of 
the bio-oil are methyl oleate, methyl linoleate, and 
methyl palmitate [13]. 
2.2. Preparation of polymer modified bitumen 
The Styrene-Butadiene-Styrene (SBS) modified bi-
tumen was produced using 70/100 penetration grade 
bitumen as the base binder, with 4% by weight of 
Kraton D1102 SBS added. The SBS polymer is a 
linear block copolymer containing 28.5% styrene 
[12]. It should be noted that the abbreviation of vir-
gin bitumen and aged bitumen is VB and PMB, re-
spectively. 
2.3. Aging protocols 
In this study, both bitumen and SBS-modified bitu-
men were subjected to short-term and long-term ag-
ing to prepare the aged binders. The Thin-Film Oven 
test (TFOT) and Pressure Aging Vessel (PAV) were 
used to age the samples. The temperature and dura-
tion of TFOT test is 163℃ and 5 hours. The PAV 
test was run at 100℃ and 2.1MPa with variable ag-
ing times of 20h, 40h, and 80h to investigate the ef-
fect of aging level. The abbreviations for aged bitu-
men are 1PB, 2PB, and 4PB, while the abbreviations 
of aged SBS-modified bitumen are 1PMB, 2PMB, 
and 4PMB. 
2.4. Preparation of warm-mix and rejuvenated bitu-
men 
The virgin bitumen and SBS-modified bitumen were 
heated in an oven at 140℃ to ensure flowability. Af-
terwards, the warm-mixing additives (Sasobit and 
Rediset) are added in bitumen. The Sasobit dosages 
were 0%, 1%, 2%, and 4% by weight of bitumen, 
while the Rediset concentration was 0%, 0.3%, 
0.6%, and 0.9%. To obtain a homogenous warm-
mixing bitumen binder, the bitumen and the added 
warm-mix additives were mixed at 140℃ for 30min. 

In addition, the aged bitumen and aged polymer 
modified bitumen were mixed with Sasobit additive 
(4wt%) first at 140℃ for 30min, and then the bio-oil 
rejuvenator (10wt%) was incorporated to prepare the 
warm-mixing rejuvenated binders. 
2.5. Viscosity measurement 

The rotational viscometer (RV) was utilized to 
measure the dynamic viscosity values of all bitumen 
binders according to the standard of AASHTO 
T316-13. The temperature was set as 120℃ and the 
rotor spinning rate was 20 rad/s. 

3 RESULTS AND DISCUSSION 

3.1. Effect of WMA additives on viscosity of bitu-
men and PMB 
The viscosity variations of fresh and polymer modi-
fied bitumen as a function of WMA dosage are dis-
played in Fig.1. It is evident that increasing the dos-
age of WMA additives leads to a substantial 
reduction in viscosity, which is consistent with the 
goal of these additives in improving workability at 
lower temperatures. For all bitumen, the viscosity 
shows a linear reduction trend as the increase in Re-
diset dosage, while an exponential decline law is ob-
served for the Sasobit case. Compared to Rediset, 
Sasobit appears to be more effective in achieving a 
sharper drop in viscosity in virgin bitumen. 
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Fig.1. Influence of WMA additives on viscosity of 

bitumen (a) and PMB (b) 
For polymer modified bitumen (PMB), all viscosi-

ties are higher than the virgin bitumen due to the 
presence of SBS polymer. An opposite phenomenon 
can be observed in the reduction of viscosity of 
PMB compared to virgin bitumen that the addition 
of Rediset has a greater impact on the reduction 
compared to the addition of Sasobit in PMB. The 



phenomenon may be attributed to the effective re-
duction function of Rediset on the surface tension 
between polymer and bitumen, and thus improving 
the flowability of whole PMB. Moreover, the addi-
tion of Sasobit can reduce the viscosity of PMB, but 
less effective than virgin bitumen. Therefore, the Sa-
sobit is more useful for the warm-mixing production 
of virgin bitumen, while the Rediset is more effec-
tive for PMB case. From the results, the need for se-
lection of WMA additives, based on the specific 
type of bitumen and desired workability during con-
struction, should be considered carefully. 
3.2. Aging effect on viscosity of bitumen and PMB 

Figure 2 illustrates the effect of aging on the vis-
cosity of virgin and SBS-modified bitumen. The re-
lationship between aging time and viscosity is cap-
tured through exponential equations, highlighting 
how both materials respond to oxidative aging. The 
viscosity of virgin bitumen increases significantly 
with aging time. The steep rise in viscosity, particu-
larly at longer aging times (80 h), suggests that vir-
gin bitumen undergoes substantial hardening due to 
oxidation. This result underscores the susceptibility 
of virgin bitumen to aging, which can lead to re-
duced flexibility and potential cracking in pavement 
over time. 

In contrast, the viscosity of PMB increases more 
gradually. Initially, PMB has a higher viscosity (6.8 
Pa·s) compared to VB, due to the presence of poly-
mers. Even after 80h aging, the viscosity of PMB 
only reaches 16.2 Pa·s, a much smaller increase 
compared to VB. The result highlights the superior 
resistance of PMB to aging, likely due to the stabi-
lizing effect of the polymer, which mitigates the 
hardening process. 
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Fig.2. Aging effect on viscosity of bitumen and PMB 
3.3. Effect of WMA and bio-oil rejuvenator on vis-
cosity of aged bitumen and PMB 

Sasobit and bio-oil were added to aged bitumen 
and aged polymer-modified bitumen (PMB) with 
varying aging durations to achieve the dual objec-
tives of warm-mixing and rejuvenation. Fig.3 shows 
the changes in viscosity after the addition of Sasobit 

(WMA) and a Sasobit/bio-oil blend (WMA-BO). 
The results indicate that both Sasobit and bio-oil ef-
fectively reduce the viscosity of both virgin and 
aged bitumen, with bio-oil consistently achieving a 
greater percentages reduction than Sasobit. This 
trend holds true for both VB and PMB, although the 
relative effectiveness of these additives decreases 
with increasing aging, especially for Sasobit. Nota-
bly, the impact of Sasobit on viscosity reduction in 
virgin bitumen declines as the aging level rises. At 
an aging level of PAV80h, the reduction efficiency 
is only 9.1%. For PMB, the effectiveness of Sasobit 
first increase slightly and then declines. Although 
the initial effect of Sasobit on viscosity reduction is 
lower in PMB than in VB, it becomes relatively 
more effective for PMB after prolonged aging, par-
ticular at 20-hour and 40-hour aging intervals. 
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Fig.3. Effect of Sasobit and bio-oil on viscosity of 
bitumen (a) and PMB (b) with various aging levels 

In highly aged bitumen and PMB, the superior 
performance of bio-oil suggests it may be more ef-
fective for restoring workability in severely-aged 
binders. This makes bio-oil a potentially more versa-
tile and efficient rejuvenator for aged bitumen and 
PMB, contributing to improved long-term sustaina-
bility and performance in asphalt pavements. Based 
on viscosity reduction percentages, the impact of 
bio-oil on aged bitumen is more pronounced than on 



aged polymer-modified bitumen. Overall, combining 
a warm-mix additive with a bio-rejuvenator provides 
an effective approach to achieving warm-mixing re-
juvenation of aged bitumen. However, their effects 
are highly dependent on the aging level of both bi-
tumen and polymer-modified bitumen. 

4 CONCLUSIONS 

This study investigates the effects of warm-mix ad-
ditive types and dosages, aging level of bitumen, and 
bio-oil on the viscosity property of bitumen, poly-
mer-modified bitumen, and their corresponding aged 
binders. The main findings are drawn as follows: 
(1) The two warm-mix additives, Sasobit and Re-
diset, have distinct effects on reducing the viscosity 
of both virgin bitumen and polymer-modified bitu-
men. Sasobit shows a more pronounced viscosity-
reducing effect on virgin bitumen, whereas the addi-
tion of Rediset results in a significant viscosity re-
duction in polymer-modified bitumen. 
(2) Compared to virgin bitumen, the presence of 
polymer increases the viscosity of modified bitumen. 
However, the rate of viscosity increase due to aging 
is considerably lower in polymer-modified bitumen 
than in virgin bitumen, due to its superior aging re-
sistance, particularly when aging time exceeds 40 
hours. 
(3) Both Sasobit and bio-oil reduce the viscosity of 
virgin and aged bitumen, with bio-oil consistently 
achieving a greater reduction. The impact of Sasobit 
lessens in virgin bitumen as aging progresses, but it 
becomes more effective for polymer-modified bitu-
men after 20h and 40h aging. 
(4) Combining a warm-mix additive with a bio-
rejuvenator offers an effective method for achieving 
warm-mix rejuvenation of aged bitumen. However, 
the selection of warm-mix agent and its effective-
ness on viscosity reduction is highly dependent on 
the presence of polymer and aging level of bitumen. 
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1 INTRODUCTION 
Plastic production has grown rapidly, from 2 million 
metric tons (MT) in 1950 to 460 MT in 2019, and is 
projected to reach 540 MT by 2040, with polyeth-
ylene (PE) and polypropylene (PP) comprising a 
significant share (Sharma et al., 2023). To reduce 
plastic waste, countries such as the USA, UK, Cana-
da, India, and others have begun incorporating it into 
asphalt for road construction (Mashaan et al., 2021). 
For quality assurance in road construction, detecting 
polymers is crucial to minimize the use of lower-
quality materials (Diefenderfer et al., 2006). The 
FTIR-based AASHTO T302 test method, however, 
is limited to determining concentrations of Styrene-
Butadiene-Rubber (SBR), Styrene-Butadiene (SB), 
and Styrene-Butadiene-Styrene (SBS) in polymer-
modified asphalt (Diefenderfer et al., 2006). 
(Hossain et al., 2019) used a dynamic shear rheome-
ter (DSR) with a Sentmanat extensional rheometer 
(SER) fixture to assess the type of modifier in as-
phalt. The SER test results showed that the first peak 
elongation force (F1) reflects the binder's stiffness, 
while the second peak elongation force (F2) indicates 
the type of modifier in the asphalt-polymer blend. 
Their findings revealed that HDPE-modified binders 
exhibited an F1 value but lacked an F2 value, sug-
gesting that HDPE plastic cannot be identified in 

HDPE-modified binders using the SER test. (Islam 
& Wasiuddin, 2022) employed a hand-held FTIR 
device to identify HDPE, LDPE, and PP plastics in 
their respective modified binders. While they were 
able to detect PP plastic in the blend, no significant 
changes in FTIR peaks were observed for HDPE and 
LDPE, making it difficult to identify these plastics. 
In this study, we employed a DSC-based approach to 
identify and quantify HDPE, LDPE, and PP plastics 
in plastic-modified asphalt binders. A calibration 
curve was developed using enthalpy vs. plastic per-
centage data for PG 67-22 and PG 58-28 binders 
modified with varying amounts of HDPE, LDPE, 
and PP. The calibration curve was then validated 
with PG 64-22 binder modified with the same types 
of plastics. 
 
2 MATERIALS AND EXPERIMENTAL PLAN 

2.1 Materials 
Neat asphalt binders, PG 67-22 and PG 58-28, were 
modified with varying percentages of HDPE, LDPE, 
and PP plastic pellets obtained from Sigma-Aldrich. 
Additionally, a separate binder, PG 64-22, was mod-
ified with the same plastics for experimental valida-
tion purposes. For each asphalt-plastic modified 
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fication of HDPE, LDPE, and PP plastics in asphalt binders. 
 



binder, three replicate samples were prepared for the 
DSC test. Detail test factorial is provided in Table 1. 
 
 
Table 1.  Test factorial 

Binder Added Plastic Percentages Total 
Samples 

PG 67-22 HDPE, LDPE, PP 3,9,15,30 36 
PG 58-28 HDPE, LDPE, PP 3,6,15,30 36 
PG 64-22 HDPE*, LDPE, PP 3,6 24* 
* PG 64-22+9% HDPE and PG 64-22+6% PP (SW) 
samples were also prepared. SW represents solid waste. 

 
2.2 Sample preparation 
The asphalt binder was modified with HDPE, LDPE, 
and PP pellets using a high-shear mixer operating at 
4000–5000 rpm for 150–180 minutes. Upon comple-
tion of mixing, a 1–2 g sample was carefully ex-
tracted using a spatula. The sample was then placed 
between two silicon mats, with a 5–10 lb weight ap-
plied to form a thin film. A small portion (2–10 mg) 
of this sample was subsequently transferred to a 
DSC Tzero pan, sealed with a Tzero Hermetic Lid, 
and prepared for testing. Figure 1 outlines the sam-
ple preparation process. 

 
 
 
 
 
 

 
 
 

 
Figure 1. a) Asphalt-plastic blend mixed in high 
shear mixer, b) 1-2 g sample poured on mat, c) sam-
ple pressed under another mat with glass and weight, 
d) thin film formed, e) film cut to size, f) sample 
placed in DSC pan. 
 
2.3 DSC test protocol 
TA Instrument's DSC 2500 with an RCS cooling 
unit was used for DSC experiments. The DSC test 
utilized a standard heat-cool-heat protocol, with a 
temperature range of -80 °C to 170 °C. The heating 
or cooling rate was kept at 10°C/min. Test protocol 
steps are given below:  

i) Equilibrate to 25 ° C 

ii) Isothermal 10 min 
iii) Ramp 10 ° C/min to -80 ° C 
iv) Isothermal 10 min 
v) Ramp 10 ° C/min to 170 ° C 
vi) Isothermal 5 min 
vii) Ramp 10° C/min to -80° C 
viii) Isothermal 10 min 
ix) Ramp 10° C/min to 170° C  
 

3 RESULT AND DISCUSSIONS 
 
3.1 Melting point temperature (Tm) and enthalpy 

(Hm) 
Melting point temperature (Tm) and enthalpy (Hm) 
data of all the plastic modified binders were taken 
from the second heating cycle of the DSC thermo-
gram and given in Table 2.  
 
Table 2. Thermal properties of LDPE, HDPE, and 
PP modified asphalt binders 

Binder Plastic Plastic 
Percent 

Tm (°C) Hm (J/g) 

PG 
67-22 

LDPE 
 

3 102.61±0.20 2.55±0.38 
9 100.99±1.25 8.62±1.53 

15 104.31±0.19 14.16±1.26 
30 104.66±0.25 23.00±2.04 

HDPE 
 

3 119.16±0.86 4.85±1.82 
9 117.97±0.38 14.71±0.89 

15 119.27±0.72 20.33±4.29 
30 119.44±0.52 45.61±3.46 

PP 
 

3 150.55±0.22 1.39±0.58 
9 150.09±0.78 6.16±1.05 

15 150.47±0.34 7.65±0.89 
30 151.31±0.06 20.99±1.98 

PG 
58-28 

LDPE 
 

3 101.75±0.69 2.46±0.62 
6 98.84±0.36 5.41±2.58 

15 99.22±0.28 11.02±1.34 
30 100.87±0.3 31.42±6.22 

HDPE 
 

3 117.14±0.09 5.41±0.94 
6 117.13±0.27 10.82±0.86 

15 119.03±0.14 29.23±4.42 
30 120.17±0.74 49.63±5.99 

PP 
 

3 156.47±0.39 1.38±0.38 
6 156.98±1.18 4.17±1.23 

15 148.96±1.07 8.44±0.43 
30 150.42±0.32 20.17±1.88 

 
Tm value of all the asphalt-plastic blends were clus-
tered around mean. Ideally Tm should increase with 
the increase in plastic percent, however, factors such 
as heating rate effects polymer crystal’s ability to 
adjust their fold periods, which may cause irregulari-
ty of the Tm value (Harrison & Runt, 1979). Addi-
tionally, factors such as polymer structure, molecu-
lar weight, crystallite size, chemical composition, 
and thermal history may contribute to variability in 
the Tm data (Farrow, 1963), (Hatakeyama & Quinn, 
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1999). The typical melting points for pure LDPE, 
HDPE, and PP are 108–123°C, 135°C, and 160°C, 
respectively (Lesueur, 2009). The melting points of 
the plastic-modified asphalt binder samples were 
found to be lower than those of the corresponding 
pure plastic components. The HDPE-asphalt blend 
demonstrated an average melting temperature rang-
ing from approximately 98°C to 105°C, while the 
LDPE-asphalt blend exhibited a range of 116°C to 
121°C, and the PP-modified binder showed a range 
from 150°C to 158°C. 

The melting enthalpy (Hm) of the modified PG 
67-22 and PG 58-28 binders increased as the plastic 
content increased (Table 2). Binders with HDPE 
showed a higher melting enthalpy compared to those 
with LDPE and PP, due to the higher crystallinity of 
HDPE pellets. A higher degree of crystallinity re-
quires more heat for polymer melting (Kong & Hay, 
2003). Figure 2 shows the DSC thermograms of all 
plastic-modified PG 67-22 binder, superimposed in a 
single plot. Multiple endothermic peaks observed in 
DSC thermograms (Figure 2) have been linked to 
variations in crystal types and sizes by several re-
searchers. (Passingham et al., 1990) observed that 
thinner lamellae within isotactic polypropylene (IPP) 
melt at lower temperatures and recrystallize into 
thicker lamellae, resulting in two melting peaks: the 
first peak represents smaller, loosely packed crys-
tals, while the second peak reflects larger, more 
densely packed crystalline regions (Miao et al., 
2018). The melting temperature was determined us-
ing the highest point of the melting peak, in accord-
ance with the guidelines from the International Con-
ference of Thermal Analysis and Calorimetry 
(ICTAC) (Menczel et al., 2009). 

Figure 2. DSC thermograms of plastic modified PG 
67-22 binder 

 
3.2 Identification and quantification of plastic from 

DSC thermogram 
Differential scanning calorimetry (DSC) serves as a 
valuable method for identifying plastic type and de-
termining plastic content in binders by using an en-
thalpy vs. plastic percentage calibration curve. This 

curve was developed from experimental data on 
plastic-modified asphalt binders PG 67-22 and PG 
58-28. Figure 3 illustrates the relationship between 
enthalpy and plastic content for both binders, reveal-
ing a strong correlation between plastic percentage 
and enthalpy (Hm). The HDPE-modified binder 
shows a notably steeper slope than the other plastic-
modified binders, with an R² value of 0.993. The 
linear equations derived for HDPE, LDPE, and PP 
modified binders are y = (1.642 ± 0.048)x, y = 
(0.832 ± 0.035)x, and y = (0.584 ± 0.025)x, respec-
tively. These equations can be used in conjunction 
with the melting point temperature ranges of HDPE, 
LDPE, and PP to facilitate identification and quanti-
fication.  

 
 

 
 
 
 
 
 
 

 

 
 
 

Figure 3. Enthalpy Vs. Plastic percentage curve for 
HDPE, LDPE, and PP. These curves were developed 
from data of PG 67-22 and PG 58-28 binders for 
quantification of plastic percentage of unknown 
binders.  

 
Figure 4. DSC thermogram of 6% HDPE modified 
PG 64-22 binder 
 

As an example of how this calibration curve is ap-
plied, a DSC thermogram was obtained for a 6% 
HDPE-modified PG 64-22 binder, shown in Figure 
4. The melting point temperature for this blend was 



determined to be 117.59°C, with an enthalpy value 
of 9.86 J/g. Observed melting point temperature 
ranges for HDPE, LDPE, and PP modified PG 67-22 
and PG 58-28 binders were 116.88–120.89°C, 
98.44–104.84°C, and 147.73–157.74°C, respective-
ly. The temperature of 117.59°C falls within the 
HDPE-asphalt blend range, confirming HDPE as the 
modifying plastic in this binder. Using the enthalpy 
value of 9.86 J/g in the equation y = (1.642 ± 
0.048)x yields an x value of 6.001, closely matching 
the plastic content in the binder. Results for other 
PG 64-22 plastic-modified binders are presented in 
Table 3. Table 3 shows that the calibration curve ac-
curately predicted the plastic content in HDPE- and 
LDPE-modified PG 64-22 binders, with minimal er-
ror. However, predictions for PP-modified binders 
were less precise than for HDPE and LDPE, though 
the method remains effective. Additionally, we test-
ed a 6% PP (SW)-modified PG 67-22 binder using 
the calibration curve, with this PP sourced from sol-
id waste, and found the curve provided a reasonable 
quantification of plastic content. 

 
Table 3 Quantification of plastic percentage from 
DSC data 

Binder Avg Tm 

(°C) 
Avg Hm 
(J/g) 

Plastic 
Type  

Plastic 
percent 
in blend  

PG 64-22+3% 
HDPE 

119.64 5.47 HDPE 3.33 

PG 64-22+6% 
HDPE 

117.65 10.09 HDPE 6.15 

PG 64-22+9% 
HDPE 

117.44 14.41 HDPE 8.77 

PG 64-22+3% 
LDPE 

102.69 2.46 LDPE 2.96 

PG 64-22+6% 
LDPE 

102.62 4.80 LDPE 5.77 

PG 64-22+3% 
PP 

150.58 2.32 PP 3.97 

PG 64-22+6% 
PP 

156.98 3.18 PP 5.45 

PG 67-22+6% 
PP (SW) 

156.42 3.77 PP 6.43 

 
4 CONCLUSIONS 
This study developed a DSC-based calibration curve 
using melting point temperature and enthalpy data 
from HDPE, LDPE, and PP-modified PG 67-22 and 
PG 58-28 binders, validated with PG 64-22, to effec-
tively identify and quantify plastics in asphalt 
blends. Key findings are as follows: 
 

• A standardized DSC test protocol was estab-
lished for plastic and plastic-modified asphalt 
binders to determine melting point tempera-
ture and melting enthalpy. The consistency 

and repeatability of test results demonstrated 
the reliability of this method across all bind-
ers and plastic types. 

 
• DSC proved to be an effective tool for identi-

fying plastic type and quantifying plastic 
content in asphalt binders based on the en-
thalpy vs. plastic percentage calibration 
curve developed in this study.   
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1 INTRODUCTION 

Bitumen, also referred to as asphalt or bituminous 
binder, is a complex mixture of hydrocarbons ob-
tained through the distillation of crude oil. Over 
time, exposure to environmental factors leads to 
changes in the chemical and physical properties of 
bitumen, a phenomenon known as aging (Airey, 
2011). This aging process causes bitumen to become 
brittle and lose its elasticity, often resulting in pave-
ment issues such as cracking. Recycling asphalt is 
increasingly recognized as a sustainable and envi-
ronmentally friendly approach to road construction 
and maintenance (Sengoz & Oylumluoglu, 2013). It 
involves incorporating reclaimed asphalt pavement 
(RAP) - obtained from deteriorated or decommis-
sioned pavements - into new asphalt mixtures, there-
by conserving natural resources and reducing the 
need for virgin materials. 

To address the challenges posed by aged bitumen, 
rejuvenators are commonly used. These chemical 
agents restore the properties of oxidized or aged bi-
tumen found in RAP. Rejuvenators, which can be 
classified as bio-based or petroleum-based, are inte-
gral to asphalt recycling and pavement preservation. 
Research indicates that the effectiveness of rejuvena-
tors in altering the chemical and rheological proper-
ties of RAP binders varies based on their type 
(Rathore et al. 2022) (Zhang et al., 2020). On a 
broader scale, the use of rejuvenators has been 

shown to decrease the absolute shear modulus and 
increase the phase angle of asphalt mixtures (Elka-
shef et al. 2020). However, concerns have been 
raised regarding the long-term performance of reju-
venators, particularly at higher dosages (Dhasmana 
et al., 2021) (Haghshenas et al., 2018) (Karki & 
Zhou, 2016) (Ongel & Hugener, 2015). 

This study focuses on the application of a plant-
based rejuvenator to restore the properties of both 
road-grade bitumen (70/100) and polymer-modified 
bitumen. The bitumen samples are subjected to ag-
ing using the Braunschweig Aging (BSA) method, 
after which varying amounts of the rejuvenator are 
added. Using a Dynamic Shear Rheometer (DSR), 
under stress- controlled oscillation, master curves are 
generated to evaluate the performance of the rejuve-
nated bitumen under different aging conditions. In 
rheology and materials science, determining master 
curves is a crucial process, especially for describing 
the viscoelastic behaviour of materials over a large 
range of frequencies or temperatures. Master curves 
(Ren et al. 2023) are used to describe a material's 
complex modulus (G*) or other rheological charac-
teristics as a function of a condensed time variable, 
enabling comparison and prediction of the behavior 
of the material under various circumstances. The 
main parameter of the test is the complex modulus, 
which refers to a fundamental rheological character-
istic that describes the material's overall stiffness 
under dynamic conditions. 

Characterisation of aged rejuvenated bitumen using master curve 
approach 
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ABSTRACT: Reclaimed asphalt pavement (RAP) materials contain aged binders that require recycling to 
achieve optimal rheological properties. To accomplish this, rejuvenators are introduced to "soften" the aged 
binders, enabling them to meet specific performance targets. Current practices involve using virgin bitumen of 
particular grades, with or without rejuvenators, based on the proportion of RAP being recycled. It is crucial to 
determine the appropriate dosage of rejuvenator to maximize RAP utilization and obtain desired binder prop-
erties. This study evaluates the rheological characteristics of both unmodified and polymer-modified binders 
under varying aging conditions and rejuvenator contents (0 to 12%) using a dynamic shear rheometer. Find-
ings reveal that aging can affect the mechanical properties of bitumen, which can be mitigated by the addition 
of rejuvenators, as viscosity decreases with higher rejuvenator content. Therefore, it is evident that both binder 
aging and rejuvenators significantly influence the rheological properties of bitumen, highlighting the im-
portance of optimal rejuvenator application in RAP recycling. 



2 EXPERIMENTAL INVESTIGATION 

2.1 Sample nomenclature 
Two different types of bitumen were used in the test: 
conventional road bitumen 70/100 and a polymer-
modified bitumen (PMB). Both unmodified and 
modified bitumen are produced from Total Bitumen 
Deutschland GmbH. The unmodified bitumen is re-
ferred to as AZALT 70/100 DE and Polymer modi-
fied bitumen is referred to as Styrelf 40/100-65A. 

The sample used in this study is named as a com-
bination of one alphabet followed by two numerical 
for the identification purpose. The first part of the 
name is an alphabet, indicate the type of bitumen in 
which A represents an unmodified binder and B as a 
modified binder. The second and third part of the 
name is a numerical which represents the aging state 
of bitumen and amount of rejuvenator added, respec-
tively. Unaged bitumen is designated as 0, single 
aged bitumen is designated as 1 and double aged bi-
tumen is designated as 2. In the case of rejuvenator 
content, bitumen with 0% rejuvenator is denoted as 
0, 4% mass of rejuvenator based on test specimen is 
denoted as 1, 8% mass of rejuvenator based on test 
specimen is denoted as 2 and 12% mass of rejuvena-
tor based on test specimen is denoted as 3. For ex-
ample A01 represents unaged unmodified bitumen 
with 4% of rejuvenator and B12 represents single 
aged modified bitumen with 8% of rejuvenator. 

2.2 Sample preparation 
For unaged sample, 40g of bitumen is mixed with 
specified amount of rejuvenators before testing. In 
the case of single aged samples, 40g of bitumen is 
kept in oven maintained at a temperature of 85 °C 
for 96 hours and later the specified mass of rejuvena-
tor is added to obtain the sample for testing. For long 
term or double aging of bitumen, Braunschweig 
method was used. Bitumen is subjected to aging at a 
temperature of 85 °C for 96 hours, two times. After 
the second aging, rejuvenators are added in the re-
quired quantity. A propeller mixing process is used 
to mix the rejuvenator with the bitumen samples. For 
ensuring the homogeneity and to maintain pouring 
temperature, rejuvenator is continuously stirred and 
tempered. In this study, the rejuvenator used is de-
rived from a plant, to regain the properties of road 
bitumen 70/100 and polymer modified bitumen. 
Once the sample is mixed, these are shifted to silicon 
molds for resting and cooling period in accordance 
to DIN EN 14770. According to DIN EN 14770, for 
the unmodified bitumen of the 70/100 class, a mini-
mum storage period of two hours is required and for 
polymer-modified bitumen, however, needs a mini-
mum of 12 hours of storage time. 

2.3 Master Curve using DSR 
In this study, DSR with a parallel plate geometry 
having a diameter of 8 mm (PP8) and a gap setting 
of 2 mm is used. The sample undergoes oscillation 
in the stress-controlled mode, also known as the CS 
mode, at a temperature range from 60 °C to -10 °C 
under stress and strain control. The frequency is var-
ied 16 times in the range of 0.1 Hz to 70 Hz, for 
each temperature step (∆T = 10 K) at a shear stress 
of 50 Pa.  

3 RESULTS AND DISCUSSION 

The analysis of the measurement data is carried out 
using Microsoft Excel and Matlab. The isotherms of 
the derived master curve can be shifted along the ab-
scissa towards the frequency axis using the horizon-
tal shift factor logαT.  

3.1 Master curves for unmodified 70/100 bitumen 
The baseline of the test is specimen A00 which is 
unaged, non-rejuvenated conventional unmodified 
bitumen 70/100. Figure 1, Figure 2, and Figure 3 
shows the master curves for the unaged, single aged 
and double aged unmodified bitumen, respectively, 
with different rejuvenator content.  

 
Figure1. Master curve for unmodified unaged bitumen 

 
Figure 2. Master curve on single aged unmodified bitumen 



In the case of unmodified unaged bitumen, in the 
low reduced frequency values, the baseline variant 
has higher complex shear modulus when compared 
to rejuvenated samples, but with increase in the val-
ues, the complex modulus of the rejuvenated sam-
ples is increased. In case of single aged bitumen, the 
samples A10 and A11 are shifted above the refer-
ence sample whereas the sample A13 shift below 
A00 and the sample A12 with 8% rejuvenator con-
tent shows more approach to the virgin bitumen 
sample A00. 

 
Figure 3. Master curve on double aged unmodified bitumen 

For double aged variants, when compared to the 
unaged reference sample A00, there is a noticeable 
change in the aged variants' master curves and the 
deviation for the samples with double aging is big.  
However, by adding more rejuvenator, the sample 
almost reached the values of the baseline variant. 
Therefore, as the aging increases, a high amount of 
rejuvenation is required to bring down the complex 
shear moduli. 

3.2 Master curves for polymer modified bitumen 
The baseline of the test is the specimen B00 which is 
unaged, non-rejuvenated polymer modified bitumen. 
Figure 4, Figure 5, and Figure 6 shows the master 
curves for the unaged, single aged and double aged 
polymer modified bitumen, respectively, with differ-
ent rejuvenator content. 

 
Figure 4. Master curve on unaged PMB 

In the case of unaged PMB, the results show that 
all the variations shows an approach to the reference 
with increase in the reduced frequency values. How-
ever, the sample BO3 with most rejuvenation shows 
the lower complex shear modulus than other sam-
ples. For single aged bitumen, the variant without re-
juvenation, B10, moves above the B00 reference 
curve and exhibits noticeably greater complex shear 
moduli. With the addition of 4% rejuvenator, the 
B11 curve is nearly equal to the B00 reference varia-
tion and corresponds to the ideal. Although the mas-
ter curve B12 is similar to the B00 curve, it displays 
smaller complex shear moduli at low frequencies. 
With the addition of 12% rejuvenator, curve B13 
exhibits the biggest shift. The sample B13 falls be-
low the reference variant indicating that less rejuve-
nator may be needed to attain the measurement re-
sults of the sample B00. When compared to the 
unaged reference variety, there is a noticeable 
change in the aged variants' master curves, especially 
in the low frequency areas. 

 
Figure 5. Master curve on single aged PMB 

 
Figure 6. Master curve on double aged PMB 

For double aged bitumen the complex shear mod-
uli of variants B20 and B21, which underwent a shift 
above the reference curve, are noticeably greater. 
The measurements of the B00 master curve match 
the curve B22 almost exactly, even though there is a 
slight variation in the low frequency zone. However 
samples B20 and B21 also becomes ideal with B00 
as the frequency increases. The least complex shear 
moduli are displayed on variant B23's curve and has 



a noticeable down shift. This depicts the sample 
doesn’t need 12% rejuvenation to regain the proper-
ties. 

3.3 Interpretation of Master Curves 
The impact of rejuvenation on the aging processes 
and the impact of aging on bitumen is taken into ac-
count in the examination of the master curves that 
are displayed. The aim of using a rejuvenator is to 
rejuvenate and improve the properties of aged bitu-
men, bringing it closer to the characteristics of virgin 
bitumen, with the potential for enhancing its overall 
performance. When complex moduli increase for a 
bitumen, the flexibility of bitumen decreases and its 
capacity to absorb and dissipate energy decreases. 
This makes it more vulnerable to cracking.  The bi-
tumen samples without rejuvenation, but with aging 
and also the samples treated with rejuvenator show a 
shift in relation to the reference variants. The devia-
tion from the reference is more for polymer modified 
bitumen than for conventional road bitumen. How-
ever, both aged variations strongly differ from the 
unaged sample in the low-frequency band but gradu-
ally converge as the frequency rises. When compared 
to the two reference versions, the unaged but modi-
fied variants show a move towards lower complex 
shear moduli. But with increase in frequency, it 
moves above reference for variant A and it becomes 
ideal to reference for variant B. The increase in 
complex moduli with increase in reduced frequency 
is due to the dominancy of elastic behavior over vis-
cous behavior and vice versa. In the low reduced 
frequency values (<1), the baseline variant has high-
er complex shear modulus when compared to reju-
venated samples.  However, with the high reduced 
frequency values (>1), the complex modulus of the 
rejuvenated samples is shifted. This implies the reju-
venation has improved the mechanical properties of 
bitumen. 

4 CONCLUSION 

This investigation was carried out to check the effect 
of a plant derived rejuvenator on the rheological 
properties of bitumen and how it could reduce the ef-
fects of aging. Specimens were made using BSA ag-
ing and with different amount of rejuvenators vary-
ing from 0 to 12% for polymer modified and 
unmodified bitumen. Tests were done using DSR 
and results were obtained and compared. Bitumen 
undergo deterioration and change in its properties 
due to aging. Polymer modified bitumen shows more 
evident results when compared to conventional road 
bitumen. The polymer modified bitumen is modified 
with certain additives that enhances its performance 
and hence has higher complex shear modulus com-
pared to conventional road bitumen. The increase 

and decrease in the values of complex shear modulus 
always provides merits and demerits. Bitumen with 
high complex shear modulus is more useful in cold 
areas as it can withstand rutting during freezing con-
ditions due to its high stiffness. In terms of fatigue 
behavior and rutting, the bitumen characteristics im-
proved with increase in the complex moduli. How-
ever, increased stiffness would lead to reduced flexi-
bility which can lead to distress. The use of 
rejuvenators can reduce the high dependency on vir-
gin bitumen. Aged bitumen can be reclaimed with a 
rejuvenator, but the amount depends totally on what 
extend the material is aged. It is also evident that the 
rejuvenator enhances the bitumen's rheological char-
acteristics but cannot stop the aging process from 
occurring. In conclusion, it has been established that 
rejuvenator addition and BSA aging both affect the 
rheological characteristics of bitumen. 
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1 INTRODUCTION 

Polymer modification of bitumen has gained sig-
nificant global attention due to its ability to enhance 
bitumen's performance. Elastomeric polymers, such 
as styrene-butadiene-styrene (SBS), are particularly 
effective, improving rutting resistance, cracking per-
formance, durability, and reducing aging susceptibil-
ity. However, the high cost and limited availability 
of virgin polymers often discourage widespread 
adoption, especially in developing countries like In-
dia (García Mainieri et al., 2024). Waste and recy-
cled plastics have emerged as a cost-effective and 
environmentally sustainable alternative, addressing 
both economic constraints and plastic waste man-
agement challenges. Among these, low-density pol-
yethylene (LDPE), a major type of waste plastics, 
preferred due to its high production volume and lim-
ited recycling potential (Singh & Gupta, 2024a).  

Recycled LDPE, when mixed and dispersed in 
micronized form under optimized conditions, can 
significantly influence the rheological properties of 
bitumen. However the compatibility between LDPE 
and bitumen is a concern, this has been addressed by 
the researchers with the use of compatibilizers and 
crosslinkers such as maleic anhydride and sulfur, 
with sulfur being widely preferred for its availability 
and ability to improve storage stability. Polymer-
modified bitumen (PMB) typically forms a biphasic 
system, where stress levels govern its linear and 
non-linear viscoelastic behavior. PMB’s shows de-
layed elastic response and stress dependent behav-
iour. This stress-dependent behavior, influenced by 
polymer type, content, and modification process. 
This behaviour becomes pronounced at higher tem-
peratures (Polacco et al., 2015). Additionally, it has 

been reported that the polymers yield under higher 
stress levels thus higher stress levels better charac-
terize the performance of PMB’s (Behnood & Olek, 
2017a). The Multiple Stress Creep and Recovery 
(MSCR) test is extensively used to evaluate PMB's 
resistance to permanent deformation under stress 
conditions that simulate in-service performance 
(Stempihar et al., 2017).  

This experimental research study primarily focus-
ses on assessing the high temperature permanent de-
formation and viscoelastic response of LDPE modi-
fied bitumen when subjected to higher stress levels. 
As per the best of authors knowledge none of the re-
search studies have evaluated the response of LDPE 
modified bitumen under such conditions. This study 
aims to fill a critical knowledge gap, offering new 
insights into the stress-dependent viscoelastic behav-
ior of LDPE-modified bitumen, which is essential 
for optimizing its use in high temperature domain. 

2 MATERIALS AND EXPERIMENTAL 
PROGRAM 

2.1 Materials 
Present study used a viscosity-graded (VG 30) bi-

tumen as a virgin bitumen with an absolute viscosity 
ranging from 2400 – 3600 poises. The bitumen was 
modified using low-density polyethylene (LDPE) 
plastic as modifier and sulfur as a crosslinker. Waste 
LDPE was obtained from local recycler in pellets 
form, and the elemental sulfur was procured from 
industry with 98% purity. The weight fractions of 
combined modifiers were set at 75% LDPE and 25% 
sulfur; the combination of both is referred to as plas-
tic modifier or simply the modifier throughout this 
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study. The bitumen was modified with varying 
weight fractions of the modifiers, namely 0%, 1.5%, 
3%, 4.5%, 6%, and 7.5%. The base bitumen and 
modified bitumen produced were labelled as B - 0 
and B - xx, respectively, where xx indicates the 
weight fraction of modifier. For instance, B - 1.5 
represents the base bitumen modified with a 1.5% 
modifier. To check the phase separation of modified 
bitumen prepared, this study followed the standard 
IS 15462 – 2019 for storage stability test of the mod-
ified bitumen. The ratio of LDPE and sulfur was op-
timized in lab and all the modified bitumen with dif-
ferent proportions of LDPE and sulfur used in this 
study was found to be storage stable and higher pro-
portions than 7.5% were unstable. Table 1 illustrates 
the index properties of base bitumen and modified 
bitumen. In this study, sulfur was used to improve 
the storage stability of modified bitumen. From the 
previous literature, sulfur is among the most favour-
able compatibilizers that crosslinks the bitumen and 
polymers. The detailed description on the bitumen 
modification has not been discussed here but can be 
found in other literature (Singh et al., 2023; Singh & 
Gupta, 2024a, 2024b). 

Table 1 Basic properties of modified and unmodified bitumen 

Bitumen 
with modifi-

cations 

Properties of bitumen 

Pene-
tration 
(dmm) 

Sof-
tening 
point 
(℃) 

Perfor-
mance grade 
(High tem-
perature) 

(℃) 

Failure 
temperature 

(℃) 

B – 0 65 48.5 64 65.4 
B – 1.5 51 59 82 82.7 
B – 3 48 63 82 84.4 

B – 4.5 41 66 88 88.1 
B – 6 39 68 88 89.6 

B – 7.5 32 74 94 95.9 

 

2.2 Experimental program 
The MSCR test was performed on short-term 

aged bitumen, both modified and unmodified bitu-
men were aged using the universal simple aging test 
(USAT) procedure (Farrar et al., 2014). This re-
search focuses on conducting the MSCR tests under 
controlled conditions at a temperature of 70 ℃. The 
rationale for choosing this specific temperature is to 
cover the highest in-service temperature observed in 
the Indian environment and ensure that the material's 
behavior is studied within non-linear domain with 
practical relevance. During the MSCR test, four dis-
tinct stress levels were applied: 0.1, 3.2, 6.4, and 
12.8 kPa. These stress levels were selected to en-
compass a wide range of loading scenarios, provid-
ing valuable insights into the material's response un-
der various conditions. Stress higher than 12.8 kPa 
was not selected because except B-7.5 all other bi-

tumen was spilled out during testing, which reports 
erroneous results. Also, stress levels equal to or 
higher than 15 kPa is not recommended in the litera-
tures (Stempihar et al., 2017). To avoid any potential 
carry-over effects and ensure the accuracy of results, 
each combination of stress levels was necessitated 
using separate samples. The testing protocol was 
similar to standard MSCR test, only different stress 
levels were used. 

3 RESULTS AND DISCUSSION 

The MSCR test results were analysed using Jnr 
and R parameters. Figure 1 illustrates the variation 
of the Jnr parameter with stress level for both modi-
fied and unmodified bitumen. Among the modified 
bitumen samples, B - 4.5 exhibits the highest recov-
ery and the lowest Jnr values at higher stress levels, 
indicating its superior resistance to permanent de-
formation at non-linear stress levels. The modifica-
tion of bitumen with plastics leads to a reduction in 
stress sensitivity. For B - 0 bitumen, an increase in 
stress level up to 3.2 kPa increases the slope in the 
Jnr vs. stress level, indicating a higher stress-
sensitive bitumen. However, beyond a stress level of 
6.4 kPa, the B - 0 bitumen shows a remarkable in-
crease in stress sensitivity, accompanied by an in-
crease in the Jnr value. This phenomenon can be at-
tributed to a 100% increase in applied stress, which 
leads to an increase in accumulated strain by 36% 
and a consequent 113% increase in Jnr value. This 
jump in Jnr was primarily due to the non-recoverable 
deformation. The sudden increase in Jnr-slope beyond 
stress level of 6.4 kPa shows the yielding of polymer 
network present in the LDPE modified bitumen and 
in unmodified bitumen this can be attributed to rela-
tively large deformations resulted from increment of 
stress level at very high temperature (higher than PG 
of bitumen). 

Among the various modified bitumen samples, B 
- 4.5 exhibited lowest Jnr value. The Jnr-slope of B - 6 
is the smallest compared to other modified bitumen 
samples. These findings suggest that modified bitu-
men have reduced stress sensitivity, leading to im-
proved resistance against permanent deformation. 
The observed reduction in Jnr values in modified bi-
tumen can be attributed to the incorporation of plas-
tic. Plastic within the bitumen enables it to stretch 
when subjected to load, thus contributing to its im-
proved ability to withstand deformation (Joohari & 
Giustozzi, 2020). The increment in plastic content 
beyond 4.5% is associated with an increase in both 
Jnr values and stress sensitivity of the bitumen. 
Since, both B - 6 and B - 7.5 fall within the category 
of highly polymer-modified bitumen. Under the in-



fluence of oscillatory loading, the plastic phase be-
comes the dominant phase. As the applied stress lev-
el increases, the polymer networks entangles and 
break, which can be observed by the increase in de-
formation, resulting in higher Jnr values. Further-
more, with increased stress levels, the mobility of 
these polymer particles within the bitumen matrix 
also increases, contributing to the overall increased 
stress sensitivity. 

 

 
Figure 1 Jnr calculated from MSCR test 

The viscoelastic behavior of bitumen was evalu-
ated by plotting percentage recovery (R) versus the 
stress level. Recovery was calculated for each cycle, 
and the average recovery of ten cycles was reported 
for each stress level. Figure 2 illustrates the average 
R value of both modified and unmodified bitumen 
over the different stress levels. It was clearly ob-
served that addition of plastic improves the recovery 
of bitumen, regardless of stress level. However, the 
elastic recovery of bitumen varies among the differ-
ent modified bitumen samples. Moreover, a con-
sistent result was observed: as stress level increases, 
the recovery of bitumen decreases, irrespective of 
the modifier content. Upon increasing the stress lev-
el from 0.1 kPa to 3.2 kPa, the highest decrease in 
R-value was observed in B - 7.5. Although the slope 
of R versus stress level curve decreases, the reduc-
tion in R values with incremental stress levels re-
mains consistent. B - 3 and B - 6 show nearly similar 
R values, while B - 4.5 exhibited the highest R val-
ues at higher stress levels (3.2 kPa and above). The 
decrease in slope of recovery versus stress level was 
more pronounced in case of modified bitumen, with 
the highest slope observed for B - 7.5. At a stress 
level of 0.1 kPa, the observed elastic recovery was 
highest, indicating that the polymer network present 
in modified bitumen due to the addition of waste 
plastic. 

From Figure 2, the negative recovery at higher 
stress levels was observed; Behnood & Olek, 
(2017b) attributed negative recovery to the inability 
of rheometers to remove load instantly. Liu et al., 
(2020) associated negative recovery with accumulat-
ed strain that had not recovered during the previous 
cycle's rest period. Conversely, Jafari et al. (2015) 
linked the negative recovery to very high strain val-
ues resulting from the application of high stresses, 
causing bitumen to flow from the parallel plates of 
rheometer. In this study, the unmodified bitumen 
shows negative recovery even at 0.1 kPa stress level 
because the sample's integrity was not preserved at 
70 ℃. The test temperature significantly exceeded 
the softening point (48 ℃) and the high-temperature 
performance grade (PG 64). Consequently, upon ap-
plying the load, the sample might have flowed out of 
the plates, leading to higher deformations and nega-
tive recovery. For modified bitumen, negative re-
covery was observed beyond the stress level of 6.4 
kPa. B - 1.5 specifically exhibited negative recovery 
due to the inertia of instrument, due to the limitation 
of rheometer from instantaneously removing load at 
the end of creep cycle. 

 

 
Figure 2 Jnr calculated from MSCR test 

4 CONCLUSIONS AND FUTURE SCOPE OF 
RESEARCH 

In this study, viscosity-graded base bitumen (VG 
30) was modified with LDPE plastics to evaluate its 
resistance to permanent deformation. The experi-
mental findings demonstrate that plastic-modified 
bitumen exhibits lower Jnr values and higher R val-
ues compared to unmodified bitumen, indicating su-
perior resistance to permanent deformation. Notably, 
bitumen samples with similar performance grades 
can exhibit significant variations in Jnr and R values, 



highlighting the influence of plastic modification on 
performance. The study also reveals that plastic 
modification enhances the stress sensitivity of bitu-
men, as evidenced by a reduced Jnr -slope. Further-
more, the viscoelastic behavior of the bitumen im-
proves with plastic modification, as reflected in 
increased R values. These improvements in Jnr and R 
values are particularly pronounced at higher plastic 
content levels, emphasizing the potential of LDPE 
modification to enhance the high-temperature per-
formance of bitumen. 

The conclusions presented in this paper are based 
on the outcomes of MSCR test conducted during this 
research study. Ideally, the findings from bitumen 
test should be corroborated with those from bitumi-
nous mixtures and field test sections. Future research 
needs to gather more data from the field and the rut-
ting evaluation of bituminous mixtures made with 
these plastic-modified bitumen. This additional data 
will be instrumental in proposing a comprehensive 
MSCR testing protocol for plastic-modified bitu-
men. 
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1. INTRODUCTION 
Asphalt pavements are continuously subjected to traf-
fic loads and environmental factors, resulting in pro-
gressive degradation of field performance. Distresses 
such as potholes, stripping, and cracking are exacer-
bated by using reclaimed asphalt pavement (RAP) 
content, which lowers the resistance of asphalt to 
moisture-induced damage (Aguiar-Moya et al. 2015). 
Moisture-induced damage, primarily due to adhesion 
loss between asphalt and aggregate caused by aging 
and water intrusion, remains a critical challenge. To 
address this issue, it is crucial to understand the com-
plex effects of aging and moisture on asphalt-aggre-
gate adhesion properties. 

 Numerous studies have highlighted that molecu-
lar compositions and physical structures of asphalt 
binders influence asphalt-aggregate adhesion perfor-
mance. Theories of interfacial adhesion include me-
chanical interlocking, chemical bonding, and surface 
energy compatibility (Tan & Guo, 2013). Advances 
in experimental and simulation methods, such as 
atomic force microscopy (AFM) and molecular dy-
namics (MD) simulations have enabled detailed anal-
ysis of adhesion forces at the micro- and nanoscale 
levels. AFM offers high-resolution measurement of 
adhesive forces (Yu et al. 2013), while MD simula-
tions provide insights into molecular-level interac-
tions that govern adhesion strength (Xu & Wang 
2016). 

Despite these advances, gaps remain in correlating 
experimental and simulation data to comprehensively 
understand the impact of asphalt aging and moisture 
effect on adhesion properties. This study aims to eval-
uate adhesion properties of asphalt-aggregate inter-
faces under varying conditions of aging and moisture. 
Combining MD simulations and AFM experiments, 

this study aims to provide comprehensive understand-
ing of adhesion behavior with the following objec-
tives: 
• Investigate the relationship between asphalt adhe-

sion properties obtained through MD simulations 
and AFM tests. 

• Examine the effects of oxidative aging and mois-
ture content on adhesion properties at the asphalt–
aggregate interface. 

2. ASPHALT BINDER AND AFM TESTS 
 
The virgin asphalt binder used for this study was 
PG64-22. The aged asphalt binder samples were pre-
pared using 40-hr pressure aging vessel (PAV) in ac-
cordance with ASTM D6521, which represents long-
term aging behavior. 

 Atomic Force Microscopy (AFM) was used to 
measure adhesive forces between the silicon tip and 
asphalt binder at the nanoscale. Customized contain-
ers with a diameter of 10 mm and a thickness of 2.5 
mm were employed to ensure uniform sample flatness 
and thickness. Asphalt binders were poured into these 
containers, annealed at 110°C for 10 minutes to 
achieve a flat surface, and then cooled in a glass box 
at 25°C for 24 hours before testing. 

 To evaluate moisture effects on adhesion proper-
ties, AFM tests were performed on asphalt samples 
after water immersion. Following established meth-
ods (dos Santos et al., 2014; Hung et al., 2017), the 
samples were annealed, cooled at room temperature 
for 24 hours, and then immersed in deionized water 
for 4 and 24 hours. After immersion, the samples 
were dried with a nitrogen gun at room temperature 
and prepared for testing. 
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 ABSTRACT: This study explores the effects of oxidative aging and moisture on adhesion properties of asphalt 
binders using atomic force microscopy (AFM) tests and molecular dynamics (MD) simulations. The results 
Long-term aging substantially reduces asphalt binder adhesion at both dry and wet conditions, weakening as-
phalt-aggregate bonding. Asphalt binder after longer time of water immersion exacerbates the reduction in ad-
hesion, with aged asphalt experiencing more pronounced decrease compared to asphalt. MD simulations and 
AFM tests show consistent trends of aging effect. However, the asphalt model with diffused water shows limi-
tations in fully capturing the effect of moisture content on adhesion 



 Micromechanical properties were assessed using 
the peak force tapping quantitative nanomechanical 
(PFT-QNM) mode of a Bruker Dimension Icon AFM, 
with a scanning area of 20μm × 20μm. Considering 
that the Young’s modulus of most asphalt is less than 
2GPa (Gong et al., 2017), an RTESPA-150 silicon tip 
with medium stiffness was used to obtain Force-Sep-
aration curves. Adhesive force, as shown in Figure 1, 
was calculated as the difference between the baseline 
and the lowest point of the retracting curve. Using the 
PFT-QNM mode, force-separation curves for all test 
points (512 × 512) were collected, and the overall ad-
hesive force was determined as the average value 
across all data points. 

 Figure 1. The Force-Separation Curve Measured with AFM. 
 
The work of adhesion (𝑊ad) between asphalt and 

silicon, a critical indicator of the resistance of asphalt-
aggregate interfaces to adhesive failure, was calcu-
lated with the adhesion force based on the Johnson, 
Kendall, and Roberts (JKR) model, as expressed in 
Equation (1) (Leite et al., 2012). 

𝑊ad = 2𝐹ad/3𝜋𝑅             (1) 
where, 𝐹ad is the adhesive force between the sample 
and AFM tip; 𝑅 is the equivalent radius of AFM tip. 

3. MOLECULAR DYNAMICS SIMULATTION 

3.1 Average Molecular Model of Asphalt 
The 4-component average molecular models were 
utilized to simulate the asphalt binders tested in the 
AFM experiment. The molecular model for virgin 
binder was derived based on element analysis, nu-
clear magnetic resonance (NMR), and gel-permeation 
chromatography (GPC) tests. For the 40-hour PAV-
aged binder, the molecular model was developed 
based on Fourier transform infrared spectros-
copy (FTIR) measurements and validated with Re-
axFF molecular dynamics (MD) simulations. More 
details on the derivation and validation of molecular 
models can be found in the authors’ previous work 
(Cui & Wang, 2023).  

 The number of molecules within each SARA frac-
tion was determined for virgin and aged binders, as 

shown in Table 1 and 2. The results indicate that the 
asphalt model accurately captures the SARA fraction, 
with deviations of less than 0.6%. 

 
Table 1 Molecular compositions of virgin asphalt 
binder ___________________________________________________ 
Component    Saturate   Aromatics   Resin   Asphaltene   ___________________________________________________ 
Formula       𝐶37𝐻72      𝐶41𝐻60𝑆    𝐶44𝐻59𝑁𝑂𝑆   𝐶62𝐻63𝑁𝑂2𝑆2 
Molecule Mass   517  585   650    918 
No of Molecules    7     31    17     5 
Modeled Proportion  9.7%  48.5%   29.5%  12.3% 
Measured Proportion 10%  48%      30%     12%   __________________________________________________ 
 
Table 2 Molecular compositions of 40-hr PAV aged 
asphalt binder ___________________________________________________ 
Component    Saturate   Aromatics   Resin   Asphaltene   ___________________________________________________ 
Formula       𝐶37𝐻72      𝐶41𝐻60𝑂𝑆    𝐶44𝐻56𝑁𝑂3𝑆   𝐶62𝐻64𝑁𝑂7𝑆2 
Molecule Mass   517  601   679     989 
No of Molecules    7     27    19      7 
Modeled Proportion  9.1%  40.9%   32.5%   17.5% 
Measured Proportion 9.3%  40.9%   32.2%   17.6%  __________________________________________________ 

 

3.2 Asphalt-Aggregate Interface Models 
Molecular dynamics (MD) simulations were per-
formed using the CVFF force field in Materials Stu-
dio to calculate interaction energies and work of ad-
hesion under both dry and wet conditions. The 
simulation system included models of asphalt binders 
and silica (𝑆𝑖𝑂2) surfaces, which replicate the mineral 
composition of basalt and granite aggregates. Addi-
tionally, since the AFM tip used in experiments was 
made of silicon, an interface model featuring silicon 
was constructed to validate MD simulation results 
against AFM test data. 

To create aggregate surface, the crystal unit cell of 
𝑆𝑖𝑂2 was cleaved along the (0,0,1) plane to form a 
mineral surface with a thickness exceeding the cutoff 
distance. The confined layers of asphalt and aggre-
gate were then constructed to generate the asphalt-ag-
gregate interface model by attaching the asphalt layer 
to the aggregate layer, as shown in Figure 2. 

Once the models were constructed, simulations 
were performed at 298K to achieve the equilibrium 
state under natural conditions. The equilibrium pro-
cess was carried out in two steps: 

1. Canonical Ensemble (NVT): The first simula-
tion step utilized the canonical ensemble, 
maintaining a constant number of atoms, vol-
ume, and temperature for 700 ps. 

2. Isothermal-Isobaric Ensemble (NPT): Follow-
ing this, the isothermal-isobaric ensemble was 
employed to maintain a constant number of at-
oms, pressure, and temperature for an addi-
tional 700 ps. 

 
 
 



 

Figure 2. Molecular Dynamic Models for (a) Asphalt-Silicon 
Tip and (b) Asphalt-Aggregate Interface 

 
The equilibrium state of the model was achieved, 

as shown in Figure 3. During the simulations, a time 
step of 1 fs, Van der Waals interactions and atom-
based summation method with a cutoff distance of 
15.5 Å was applied, ensuring accuracy and con-
sistency throughout the process. 

 Moisture diffusion in asphalt cluster can be de-
scribed using the complex water transportation ki-
netic process, where the diffusion of water varies with 
relative humidity, temperature, asphalt binder proper-
ties, and time (Ma, 2024). The moisture content 
within asphalt was measured through Gravimetric 
testing. At 25°C, under conditions of 100% relative 
humidity or immersion in liquid water, experimental 
studies indicated that the maximum moisture absorp-
tion rate of asphalt is approximately 6% to 7% (Ngu-
yen et al. 1992; Chen et al. 2022). In this study, mois-
ture was assumed to be present within the asphalt with 
random distribution of water molecules to simulate 
wet conditioned asphalt in the experiment.  

3.3 Calculation of Work of Adhesion in MD 
The primary interactions between asphalt binder and 
aggregate include van der Waals forces, electrostatic 
interactions, and hydrogen bonds. Molecular dynam-
ics (MD) simulations provide a powerful method for 
calculating energy changes, offering detailed insights 
into adhesion properties.  

 The work of adhesion is defined as the energy re-
quired to separate asphalt from aggregate surface 
(Bhasin et al., 2007), which is calculated using the in-
teraction energy between asphalt and aggregate, as 
shown in Equation 2. A higher magnitude of 𝑊𝑎𝑑 indi-
cates stronger bond strength and greater resistance to ad-
hesive failure (Moraes et al., 2017). 

𝑊𝑎𝑑 =  Δ𝐸interface/𝐴 = (𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝑎 − 𝐸𝑎𝑔𝑔)/𝐴  (2) 
Where, 𝑊𝑎𝑑 represents the work of adhesion, 
Δ𝐸interface is the interfacial energy between asphalt 

binder and aggregate, 𝐸𝑡𝑜𝑡𝑎𝑙 is the total potential en-
ergy of the asphalt-aggregate system, 𝐸𝑎 is the po-
tential energy of the asphalt binder, 𝐸𝑎𝑔𝑔 is the po-
tential energy of the aggregate, and A is the contact 
area of the interface.  
 
4. RESULLT AND DISCUSSION 
Figure 3 presents the work of adhesion between as-
phalt binder and silicon for virgin and aged binder. 
The results indicate that after 40 hours of PAV aging, 
the work of adhesion at dry condition significantly 
decreases from both AFM measurements and MD 
simulation. However, the MD results are greater than 
the one from AFM measurements although at the 
same scale. It is found that MD results are affected by 
the model size and further analysis is needed to find 
the representative model size. 

 From AFM test results, the virgin binder consist-
ently exhibits higher work of adhesion than the aged 
binder at wet conditions, indicating that oxidative ag-
ing degrades adhesion. The degradation is particu-
larly evident under 24-hour immersion, where the ad-
hesion of aged binder shows sharper decline as 
compared to the one of virgin binder. This suggests 
that oxidative aging exacerbates the detrimental ef-
fects of moisture on adhesion.  

 
Figure 3. Comparison of the work of adhesion of asphalt-silicon 
tip interface from MD simulation and AFM tests. 
 

Figure 4 shows the work of adhesion of asphalt-ag-
gregate interface from MD simulations. Like the as-
phalt-silicon interface results from FM tests, virgin 
asphalt consistently exhibits higher work of adhesion 
than the aged asphalt at both dry and wet conditions. 
While the adhesion decreases with the increased 
moisture content, a sharp decline is not observed in 
the results from MD simulations. This indicates that 
while MD simulations effectively capture the degra-
dation in adhesion properties due to aging, the current 
asphalt model with diffused water molecules face 
limitations in fully representing the combined effects 
of aging and moisture.  



Figure 4. The work of adhesion of asphalt-aggregate interface at 
different aging levels and moisture contents from MD simula-
tions 

5. CONCLUSIONS  

This study investigates the effects of aging and mois-
ture on adhesion properties of asphalt binders. Meas-
urements from AFM tests were utilized to evaluate 
the reliability of MD simulations for asphalt-silicon 
interaction. Subsequently, the work of adhesion at as-
phalt-aggregate interface was analyzed under dry and 
wet conditions. The following conclusions can be 
drawn: 
• MD simulations and AFM tests show consistent 

trends, confirming MD as a reliable tool for as-
sessing moisture and aging effects.  

• Long-term aging substantially reduces asphalt 
binder adhesion at both dry and wet conditions, 
weakening asphalt-aggregate bonding. 

• Asphalt binder after longer time of water immer-
sion exacerbates the reduction in adhesion, with 
aged asphalt experiencing more pronounced de-
crease compared to asphalt.  

• MD simulations using the asphalt model with dif-
fused water show limitations in fully capturing the 
effect of moisture content on adhesion. 

 
Further investigation is needed to explore the com-

bined effect of aging and moisture effect on adhesion 
properties of asphalt binder. MD simulation models 
need be improved to provide deeper insights into as-
phalt-aggregate interactions under real-world condi-
tions. 
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1 INTRODUCTION 
Asphalt, a preferred binder material in pavement 
construction, especially for high-grade road, is large-
ly composed of carbon (C, 80–88%), hydrogen (H, 
8–12%), and functional groups containing sulfur (S, 
0–9%), nitrogen (N, 0–2%), and oxygen (O, 0–2%), 
as well as trace amounts of metals. The diverse ele-
mental composition of asphalt necessitates precise 
identification of the constituent to elucidate the cor-
relations between chemical properties and mechani-
cal behaviors. Theoretically, low-grade hard asphalt 
and aged asphalt exhibit higher C/H ratios and in-
creased concentration of heteroatoms. The C/H ratio 
is intrinsically linked to the compositional ratio of 
alkanes, naphthenes, and aromatics within the ma-
trix, and the heteroatoms contribute significantly to 
asphalt polarity (Wang, Wang et al. 2022).  

Characterizing elemental changes in asphalt is 
beneficial for optimizing chemo-mechanical perfor-
mance, diagnosing aging conditions, and guiding as-
phalt regeneration. For instance, during the aging 
process, concentrations of S, N, and O increase with 
time exposed to the external environment. However, 
the current elemental analyzer (EA) is technically in-
tricate with rigorous test requirements, which poses 
challenges for engineers in practical applications in 
the pavement field. 

Attenuated Total Reflectance Fourier-Transform 
Infrared Spectroscopy (ATR-FTIR) has emerged as 
a pivotal tool for non-destructive and rapid semi-
qualitative chemical characterization of asphalt, in-
cluding asphalt performance analysis, oil source 
identification, and aging evaluation (Hou, Lv et al. 
2018). For example, carbonyl (C=O) and sulfoxide 
(S=O), identified through the integrated peak areas 
within the spectral ranges of 1750-1660 cm⁻¹ and 
1050-990 cm⁻¹, respectively, serve as typical aging 
indices. However, the quantitative accuracy of ATR-

FTIR in asphalt analysis needs to be improved. The 
limitation mainly arises from the non-compliance 
with the “Lambert-Beer” law of the ATR mode and 
other errors such as baseline drift, which undermine 
the linear relationship between intensity of function-
al group and their actual concentrations in asphalt. 
Multiple trials, baseline calibration, and reference 
area method, have been employed to achieve a semi-
quantitative analysis. However, these methods are 
unable to fundamentally improve the quantitative ef-
fect of chemical information, leading to significant 
variations in reported values in different studies. 

Transmission Fourier-Transform Infrared Spec-
troscopy (TR-FTIR) is employed as a test method to 
comply with the “Lambert-Beer” law and offers 
quantitative analytical advantages in chemical analy-
sis. It allows the quantitative characterization of 
functional group content in asphalt solutions with 
suitable solvents such as carbon tetrachloride and 
carbon disulfide. However, the application of TR-
FTIR is hindered by the solvent absorption effect, 
which makes it difficult to acquire complete molecu-
lar structural information of asphalt. 

In this study, an improved FTIR method was pro-
posed to enhance the quantification capabilities of 
ATR mode by integrating quantitative TR-FTIR. 
The method leverages the strengths of both modes to 
achieve more accurate and reliable element quantifi-
cation in asphalt. First, original and aged asphalt as 
well as asphalt component samples were collected. 
Subsequently, elemental analysis and spectral char-
acterization were conducted. Finally, limitations of 
single FTIR method and synergistic enhancement of 
the hybrid approach were validated. This improved 
FTIR method offers a promising methodological ba-
sis for more precise elemental analysis, paving the 
way for quantitatively regulating elemental composi-
tion and properties of asphalt. 
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2 MATERIALS AND METHODS 

2.1 Materials 
High-quality samples are the basis of elemental and 
spectral analysis. To begin with, five original bind-
ers (OB) were collected, including one #30, one #50, 
two #70 and one #90 asphalt. 

Based on OB, three aging methods, including ul-
traviolet aging (UV), weather aging (WA) and pres-
sure aging vessel (PAV), were used to simulate the 
aging effect of various environmental conditions: (1) 
2-mm asphalt film was prepared and subjected to 
UV aging with radiation intensity of 50 mW/cm2 for 
12 days; (2) 2-mm film was weather aged for 90 
days (Shanghai, Jul.16-Oct.16); (3) The PAV tests 
were carried out to simulate the asphalt aging after 5 
to 10 years of pavement operation according to the 
JTG E20-2011 specification. 

In addition, the asphalt can be divided into four 
broad chemical groups called saturates, aromatics, 
resins and asphaltenes (SARA). Since asphalt is an 
organic SARA composition with different contents, 
an improved SARA analysis method proposed by 
our research group was applied to separate the above 
asphalt to obtain sufficient SARA samples in batch-
es (Xiao, Wang et al. 2024). The original and aged 
asphalt as well as SARA samples essentially cover 
the distribution range of asphalt element content. 

2.2 Methods 
First, the Elementar UNICUBE elemental analyzer 
was used to quantify the elemental composition of 
asphalt. Carbon, hydrogen, nitrogen, sulfur and oxy-
gen (CHSN/O) of the samples were quantitatively 
analyzed by applying CHNS and O analysis mode in 
oxygen and helium environment, respectively. The 
accuracy of the instrument was CHSN < 0.1% and O 
< 0.2%. The content of each element was deter-
mined after two parallel tests and the average value 
was taken as the final results. 

The TR-FTIR spectra were then determined using 
a Bruker ALPHA II FTIR spectrometer equipped 
with a 0.1-mm fixed liquid cell. Considering the sol-
ubility and absorbance requirements, carbon disul-
fide (CS2) was selected as the solvent to prepare a 
0.04 g/ml solution for TR-FTIR analysis, so that the 
absorbance value of the samples was kept within an 
appropriate range. 

Subsequently, the ATR-FTIR tests were carried 
out by applying an attenuated total reflection (ATR) 
diamond accessory. The samples were analyzed after 
coating and pressing on the crystal position. 

During the FTIR tests, spectra were collected 
from 600 cm−1 to 4000 cm−1 with a resolution of 4 
cm-1 and scan times of 16 times. Three replicates 
were tested for each sample and the spectra were av-
eraged as the final result after an automated baseline 
calibration in the BRUKER OPUS software. 

3 RESULTS AND DISCUSSION 

3.1 Elemental composition of asphalt 
Figure 1(a) depicts the elemental composition of 70# 
asphalt and its fractions, including saturate (Sa), ar-
omatic (Aro), resin (Re), and asphaltene (As). It is 
evident that the content of C and H gradually de-
creases, while the content of heteroatoms (S, N, and 
O) increases accordingly. The elemental composi-
tion of original binder (OB) is between aromatic and 
resin. The observations were a direct consequence of 
the fact that saturate primarily comprises long ali-
phatic chains, and asphaltene consists mainly of pol-
yaromatic rings and functional groups, with aromatic 
and resin falling between these two frictions.  

Figure 1(b) presents the elemental changes after 
exposure to UV, WA, and PAV aging. The content 
of C and H decreases progressively, while the con-
tent of heteroatoms increases with the aging degree 
increasing sequentially. This trend is consistent with 
the reported aging behavior, which primarily at-
tributed to volatilization, oxygen absorption, dehy-
drogenation, and condensation of asphalt, leading to 
the reduction of lighter components and the conver-
sion of aromatic and resin to asphaltene. 

The C/H ratios and concentrations of heteroatoms 
(S, N, and O) have a decisive influence on the phys-
icochemical properties of asphalt. Therefore, the 
changes in the H-to-C atomic ratio (n(H/C)) and the 
content of S, N, and O were focused and the distri-
bution is presented in Figure 1(c). The values for 
n(H/C) and O content were enlarged fivefold for bet-
ter visualization. The indices approximately follow a 
normal distribution and cover the element content 
range, providing a basis for validating the effective-
ness of the improved FTIR method in quantifying 
elemental changes. 

 
 

 
 
Figure 1. Elemental analysis results, (a) Elemental changes of 
asphalt component, (b) Elemental changes during asphalt ag-
ing, (c) Data distribution range of element related indices. 



3.2 Improved FTIR evaluation results 
The quantitative performance of TR-FTIR was first 
verified by evaluating the capability of distinguish-
ing SARA characteristics and aging process. Figure 
2(a-b) indicate the absorbance changes in the wave-
number range of 3000~2800 cm-1 available for anal-
ysis. The spectra have the same peak positions with 
varied peak values, which indicate the presence and 
content of methyl and methylene groups in asphalt.  

In Figure 2(a), the absorbance decreases with the 
order of saturate, aromatic, original binder, resin, 
and asphaltene. Figure 2(b) depicts the changes with 
the sequential increased aging degree, and the ab-
sorbance decreases with the order of original, and 
UV, WA, PAV aged binder. The change trends of 
the peak value showed good agreement with the 
content change of C and H from the EA results. 

 
 

 
 
Figure 2. Spectra changes, (a) TR-FTIR results of SARA, (b) 
TR-FTIR results of aged asphalt, (c) ATR-FTIR results of 
SARA, (b) ATR-FTIR results of aged asphalt. 

 
The ATR-FTIR analysis was further performed to 

evaluate its analytical capability. Figure 2(c-d) 
shows the spectra changes with varied SARA frac-
tions and asphalt aging degree. The spectra differ-
ence was distinguished for SARA. In term of various 
aging degree, it could be observed from Figure 2(d) 
that the functional group changes correlated with 
heteroatoms of S, N, and O was significant, while 
the change trends of alkyl group ranges were less 
obvious. The observations outlined the analytical 
potential of ATR-FTIR in semi-quantifying func-
tional group content. 

Based on the observation, quantitative analysis of 
absorbance was further carried out by integrating the 
peak areas of the TR- and ATR-FTIR spectra using 
two-point area extraction method (Hou, Lv et al. 
2018). The peak positions and the integral range of 
functional groups associated with the elemental 
changes are listed in Table 1. Note that the baseline 
correction was performed in the preprocessing pro-
cess, making the peak area an index to quantify the 
change of the functional groups. 
 
Table 1. Analyzed functional group in FTIR results. 

Functional group Peak centered at /cm-1 Peak range/cm-1 
Vas(-CH3) 2960±5 3000-2910 
Vas(-CH2-) 2925±5 2965-2890 
Vs(-CH3) 2875±5 2950-2850 
Vs(-CH2-) 2855±5 2890-2830 
V(C=O) 1690 1730-1670 
V(C=C) 1605 1665–1540 
V(S=O) 1030 1070–983 

 
Figure 3 summarizes the integral area changes of 

functional groups with different SARA fractions and 
asphalt aging degrees. It could be observed that TR-
FTIR can better identify the change of alkane con-
tent in asphalt. The content of long-chain and satu-
rated alkanes in Sa, Aro, Re and As decreased se-
quentially, and the alkane content in OB was similar 
to that in Re and slight lower than that in Aro; Re-
garding the aging process, the alkane content de-
creased with the aging degree of asphalt.  

It could be concluded that ATR-FTIR could re-
flect the molecular structure changes such as het-
eroatom content and aromatic ring content, which 
was consistent with instrument capability. However, 
the ATR-FTIR results in terms of alkane group were 
not consistent with the content in SARA fractions 
and the trend of content change caused by aging.  

 
 

 
 
Figure 3. Integral area changes of functional groups, (a) With 
different SARA fractions, (d) Asphalt aging degrees. 



Herein, to enhance the capabilities in quantifying 
elemental changes of asphalt, an improved FTIR 
method was proposed based on quantitative charac-
teristics of TR-FTIR regarding alkane groups and 
semi-quantitative characteristics of ATR-FTIR in 
terms of functional groups containing heteroatom. 
The formula is as follows, the ATR-FTIR results of 
alkanes are used as a reference area for functional 
group areas, and the TR-FTIR results are used to 
improve the quantification of elemental changes: 

I(E) = (A(E)ATR/A(-CH-)ATR)×A(-CH-)TR  (1) 
In which, I(E) was spectral index for elemental 

changes, A(E)ATR was functional group areas from 
ATR mode, A(-CH-)ATR and A(-CH-)TR were area of 
alkane group from ATR and TR mode, respectively. 

 
 

 
 
Figure 4. Correlation analysis between integral areas of ATR-
FTIR and element related indices. 

 

 
 
Figure 5. Correlation analysis between proposed spectral in-
dexes regarding elemental changes and element related indices. 

Figure 4(a-d) shows the correlation analysis re-
sults between integral functional group areas and 
n(H/C) as well as the heteroatom content (S (%), N 
(%), and O (%)). The R2 values are 0.31, 0.20, 0.77, 
and 0.53, respectively. It can be concluded that the 
ATR-FTIR peak area has a certain semi-quantitative 
effect, which is consistent with the previous conclu-
sions. Among them, A(=O) is equal to A(C=O) plus 
A(S=O). A(-CH-) index and n(H/C) have a positive 
correlation, which is mainly due to the fact that A(-
CH-) is mainly related to the content of alkane 
group. Generally, the higher the content of saturated 
alkane group indicated the relative increase of H el-
ement content and the increase of n(H/C). 

Figure 5(a-d) shows the correlation analysis re-
sults between spectral index from improved FTIR 
method and element indexes, with relatively higher 
R2 values of 0.97, 0.45, 0.84, and 0.73, respectively. 
It could be concluded that the proposed improved 
FTIR method based on the physical basis of TR- and 
ATR-FTIR has better quantitative effect for more 
precise elemental analysis. However, a large number 
of experiments are further needed to establish a 
complete prediction model of elemental changes. 

4 CONCLUSIONS 

Overall, the findings from this study contribute to a 
deeper understanding of the elemental composition 
changes in asphalt. TR- and ATR-FTIR have analyt-
ical potential in quantifying alkyl and functional 
group content, respectively. The proposal and vali-
dation of the improved FTIR method offers a prom-
ising tool for quantitative analysis of elemental vari-
ations in asphalt with relatively high R2 values, 
facilitating more accurate assessments of asphalt ag-
ing and the development of effective mitigation 
strategies. It is necessary to further optimize the 
findings and the proposed method based on a larger 
amount of data, which provides insights into the 
physicochemical alterations and their implications 
for asphalt performance. 
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3.2 
SELF-HEALING/REJUVENATION METHODOLOGIES 

FOR EXISTING PAVEMENT STRUCTURES 



1 INTRODUCTION 

The oxidative damage of asphalt bitumen, driven 
by environmental factors and traffic conditions, pre-
sents a significant challenge to the long-term durabil-
ity of asphalt pavements. This challenge has spurred 
advancements in technologies designed to enhance 
the extrinsic self-healing of bituminous materials 
through the use of encapsulated rejuvenators (Gonza-
lez-Torre and Norambuena-Contreras 2020).  

Encapsulated rejuvenators are typically spherical 
additives, such as polynuclear or core-shell capsules, 
which enclose asphalt rejuvenating liquids (oils). 
These capsules are incorporated into asphalt mixtures 
to restore the original physical and rheological prop-
erties of aged bitumen (Xu et al., 2018). 

During the service life of asphalt pavements, the 
bitumen undergoes oxidation due to traffic loads and 
environmental exposure, leading to microcrack for-
mation and propagation. When a microcrack inter-
sects with a capsule or is subjected to pressure from 
traffic loads, the capsule can rupture or deform, re-
leasing the rejuvenator. The rejuvenator subsequently 
diffuses into the cracked area, softening the aged bi-
tumen, which then flows and seals the microcrack 
(Al- Mansoori et al., 2018). The success of this heal-
ing process depends on factors such as the duration of 
healing time and the number of activated capsules. 

Recent research has emphasised the sustainable 
synthesis of polynuclear biocapsules as rejuvenators, 
promoting the use of biopolymers like alginate and 
rejuvenating agents derived from industrial waste, in-
cluding pyrolytic oils (PO) from End-of-Life tyres 

(ELTs) (Norambuena-Contreras et al., 2021). Stud-
ies, such as those by Xu et al., 2019, suggest that cap-
sules with polynuclear morphology allow a controlled 
release of rejuvenators, supporting multiple healing 
cycles in the bituminous material. Additionally, Chá-
vez-Delgado et al., 2024a concluded that the addition 
of 3% wt. of PO derived from ELTs in long-term aged 
bitumen restored its rheological properties to an 
unaged bitumen state. Chávez-Delgado et al., 2024b 
explored the pyrolysis of ELTs from mining tyres to 
produce asphalt rejuvenators. So, its encapsulation 
could be used for asphalt self-healing purposes. 

Despite these advancements, several research gaps 
remain regarding the encapsulation of pyrolytic reju-
venators, particularly their thermal and mechanical 
stability and their impact on the self-healing perfor-
mance of aged bituminous materials. This study eval-
uates the effect of varying dosages of a novel encap-
sulated pyrolytic rejuvenator (under patent) and rest 
periods on the self-healing capacity of long-term aged 
bitumen. Polynuclear biopolymeric capsules were 
synthesised and analysed for their thermal and me-
chanical properties. Laboratory experiments quanti-
fied the healing efficiency of long-term aged bitumen 
samples, incorporating these capsules at different 
dosages with the new pyrolytic liquid. 

2 MATERIALS AND METHOD 

2.1 Materials 
The polymeric structure of the capsules consisted of 
low-viscosity sodium alginate (density 1.02 g/cm3, 
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viscosity ≤ 300 mPa∙s in a 2% wt. solution), provided 
by Buchi (Switzerland) and calcium-chloride dihy-
drate (CaCl2•2H2O) at 77% purity, provided by Win-
kler (Chile). The pyrolytic oil (PO) presented density 
0.86 g/cm3, viscosity 1.7 mPa∙s and pH 8.9. Virgin 
asphalt bitumen specified as CA-24 (PG 64-22) was 
long-term aged using the Pressure Air Vessel (PAV) 
method, according to ASTM D 6521-19. 

2.2 Synthesis and characterisation of the capsules 
Capsules with polynuclear internal morphology were 
synthesised based on the ionic gelation principle by 
electrostatic interactions between sodium alginate 
and the Ca2+ ions form the Calcium solution, follow-
ing the method proposed by Concha et al., 2024. First, 
a 2% wt. sodium alginate solution was prepared by 
using a magnetic stirrer (SCI550-S) at 250 rpm for 24 
h. Next, the PO was incorporated in the alginate solu-
tion at a biopolymer:oil mass (B:O) ratio of 1:5, re-
sulting in a stable emulsion. Then, the emulsion was 
pumped using an encapsulator Buchi (B-390) through 
nozzles of 300, 450, and 750 µm diameter. The emul-
sion was then separated into droplets and collected in 
CaCl2∙2H2O hardening solution prepared at three con-
centrations: 2%, 5%, and 8% wt. Finally, the capsules 
were filtered from the CaCl2 solution and rinsed with 
deionised water later dried in an oven at 30ºC for 24h. 

The morphological, physical, thermal, and me-
chanical properties of the capsules were determined 
as proposed by Norambuena-Contreras et al., 2021. 
The diameter of 100 random capsules was measured 
using an optical microscope (Leica EZ4) with 35x 
magnification and the software ImageJ®. The physi-
cal property of encapsulation efficiency (EE), i.e., the 
proportion of PO encapsulated, was determined. 
Thermogravimetric analysis (TGA) was carried out 
using a NETZSCH STA 409 PC equipment in a range 
of temperatures 20-600ºC, and constant N2 flow of 50 
mL/min. Compressive mechanical tests were per-
formed using a Universal Testing Machine (UTM) 
Zwick/ Roell Z005 with a load cell of 1kN and a load 
speed of 0.2 mm/min. Capsules were tested at precon-
ditioning temperatures of 20, 50, 80, 120, and 150ºC. 

2.3 Self-healing measurement of PAV-aged bitumen 
incorporating capsules 

The effect of the PO capsule dosage (0.5%, 1.0%, and 
2.0% wt. of bitumen) on the self-healing ability of 
PAV-aged bitumen samples was evaluated on ductil-
ity samples through a mechanical cyclic process of 3 
steps described as follows. Step 1. Conditioning. Duc-
tility samples were conditioned at -5°C for 2 h (Figure 
1(a)), ensuring a brittle fracture. Step 2. Fracture. The 
samples were fractured into two pieces at 5°C under 
uniaxial tensile test using a Zwick/Roell Z05 univer-
sal testing machine with 1 kN load cell and a loading 

speed of 5 mm/min (Figure 1(b)). Step 3. Healing. 
The fractured pieces were placed back into the mould 
and secured with bolts at the ends of the sample. The 
fractured samples were conditioned at 20°C in a ther-
mal chamber for two healing (rest) times: 6h and 24h, 
(Figure 1(c)). After this step, steps 1 and 2 were re-
peated, determining a healing level (𝐻𝐿) as: 

 
𝐻𝐿 (%) = (

𝐹ℎ

𝐹𝑖
) × 100 (1) 

Where 𝐹𝑖 and 𝐹ℎ are the maximum forces resisted 
by a sample before and after the healing process, re-
spectively. For each healing time, an effective aver-
age healing level (𝐻𝐿𝑒) was calculated by comparing 
the maximum average 𝐻𝐿 of each test sample (𝐻𝐿𝑝𝑜) 
with capsules and the ones without capsules (𝐻𝐿𝑟𝑒𝑓): 

𝐻𝐿𝑒 = 𝐻𝐿𝑝𝑜 − 𝐻𝐿𝑟𝑒𝑓 (2) 

 

 
Figure 1. Healing test method on bitumen samples showing the 
steps of: (a) Conditioning, (b) Fracture, and (c) Healing. 

 
Finally, statistically significant differences in the 

morphological, physical, and mechanical properties 
were evaluated by Analysis of Variance (ANOVA) 
with a significance of 95% (α:0.05) and the Tukey’s 
pairwise mean comparisons. 

 

3 RESULTS AND DISCUSSION 

3.1 Characterisation of the biopolymeric capsules 
Figure 2 shows representative optical microscopy im-
ages for each of the PO capsule designs. Overall, the 
capsules presented average values of size ranging 
from 0.61–1.1 mm and EE values between 96.5%–
98.9%. Additionally, ANOVA and Tukey tests re-
vealed that the higher the nozzle diameter, the higher 
the capsule size was. Nonetheless, the nozzle size had 
no effect on the EE. In terms of the CaCl2 content, 
ANOVA and Tukey tests revealed no statistical dif-
ferences for both size and EE. From these results, it 
can be primary selected a capsule design with low 
CaCl2, reducing the use of this raw material. 



 
Figure 2. Optical images for each capsule design, showing their 
representative average sizes and encapsulation efficiency. 
 
Figure 3 shows the average results of compressive 
strength for each capsule design, ranging between 
5.1–15.1 MPa. Overall, these values were higher than 
the maximum compacting pressure during paving 
(Sac) of 0.7 MPa (Delgadillo et al., 2008) or the con-
tact pressure for light-duty truck, around 1.0 MPa (Yu 
et al., 2022). These high compressive strength values 
could make capsule activation difficult. Conse-
quently, to decide a proper capsule design, ANOVA 
revealed that the lower compressive strength values 
were reached for the capsule designs of 750 µm - 8% 
CaCl2 (5.1 MPa) < 300 µm-8% CaCl2 (7.5 MPa) < 
750 µm-2% CaCl2 (8.8 MPa). Based on these results 
and the previous selection of capsule designs based 
on 2% CaCl2, the optimal capsule design was that 
based on a nozzle diameter of 750 µm and 2% CaCl2.  
 

 
Figure 3. Average results of compressive strength depending on 
the nozzle size (300, 450, 750 µm) and CaCl2 concentration (2%, 
5%, 8% wt). 

Figure 4 shows the effect of thermal degradation on 
the average compressive strength of the optimal cap-
sule design. Overall, the compressive strength was re-
duced with the temperature increase from 20°C to 
150°C (temperature of asphalt mixing) resulting in 
average values between 8.2 MPa and 2.1 MPa, re-
spectively. It can be noticed that, at 150°C, the com-
pressive strength of the optimal capsule design is 
higher than the Sac, potentially ensuring their stabil-
ity during paving. The high mechanical stability of 
the capsule at this temperature can be explained by its 
low thermal degradation as proved by the TGA anal-
ysis, where the optimal capsule design presented a 
mass loss lower than 5% at 150°C, mostly attributed 
to the loss of initial moisture and partial damage on 
the alginate matrix structure of the capsule, not com-
promising their mechanical stability. 

 

 
Figure 4. Average results of compressive strength test depending 
on the conditioning temperature for the optimal capsule design 
(nozzle diameter of 750 µm and CaCl2 of 2% wt.). 
 
Based on these results, it is concluded that the optimal 
capsule design was a mechanically and thermally sta-
ble additive to be incorporated into bituminous mate-
rials for asphalt self-healing purposes. These Ca-algi-
nate PO capsules can be potentially activated by 
fatigue damage during the service life of the asphalt 
pavement similarly as proposed by García-Hernandez 
et al., 2020 in alginate capsules with sunflower oil. 

3.2 Effect of capsule addition on the self-healing 
properties of aged bitumen 

Figure 5 presents the average results of 𝐻𝐿 depend-
ing on the capsule content and the healing time. Over-
all, the 𝐻𝐿 was increased with the capsule addition, 
healing time and temperature. ANOVA analysis de-
veloped on each individual variable showed statisti-
cally significant differences for i) the healing time of 
6 h (𝐻𝐿: 32.1%) and 24 h (𝐻𝐿: 61.7%), and ii) the 



capsule dosage of 0%, 0.5%, 1%, and 2%, with aver-
age 𝐻𝐿 values of 28.5%, 44.3%, 55.3%, and 59.5%, 
respectively. These results suggest that higher 𝐻𝐿 
values are obtained with a healing time of 24 h, and a 
capsule content of 2% wt.  

With respect to the combined analysis of each fac-
tor on the 𝐻𝐿, Figure 5 revealed that, at low healing 
time of 6h, no statistically significant effect was de-
tected for samples with 0.0%, 0.5% and 1% capsule 
content. Consequently, the 𝐻𝐿 evaluated at shorter 
healing times was only sensitive to a capsule content 
of 2%. While, for a healing time of 24 h, 0.5% of cap-
sule dosage showed statistically significant differ-
ences with respect to a reference sample. Capsule 
contents of 1% and 2% did not yield statistically sig-
nificant differences in the 𝐻𝐿. 
 

 
Figure 5. Average HL results for bitumen samples depending on 
the capsule dosage (0, 0.5, 1, 2 %) and healing time (6, 24 h). 
 

Additionally, the effective healing provided by ef-
fect of the capsule (𝐻𝐿𝑒) are shown above each heal-
ing bar. It is observed that capsule contents of 1% or 
higher, combined with a healing time of 24 h, resulted 
in 𝐻𝐿𝑒 values exceeding 30%. Specifically, for 24 h 
healing, a 1% capsule content led to an increase of 
44.5%. Since no statistically significant differences 
were observed in the 𝐻𝐿 between 1% and 2% capsule 
contents, it can be concluded that long healing times 
using a capsule content of 1% optimised the healing 
level of the asphalt binder is used in the production of 
asphalt mixtures. Future research proposes the use of 
a capsule design based on 750 um and 2% CaCl2. 

4 CONCLUSIONS 

• The synthesised capsules designs containing py-
rolytic liquid derived from end-of-life mining 
tyres presented high encapsulation efficiency, 

over 95% and mechanical stability. The optimal 
design was a capsule synthesised with a nozzle 
size of 750 µm and 2% wt. CaCl2. 

• The optimal polynuclear capsule design provided 
mechanical stability and thermal stability, effec-
tively withstanding mixing, compaction, and traf-
fic loads throughout the pavement's service life. 

• A capsule content of 1.0% wt. and 24-hour heal-
ing time optimised self-healing properties in 
PAV-aged bitumen, resulting in an effective heal-
ing level of up to 44.5%. 
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1 INTRODUCTION  

Creating long-lasting asphalt pavements requires 
timely maintenance and durable bituminous mixtures. 
Traditionally, bitumen's durability is enhanced by 
modifiers to improve rheology, adhesion, and aging 
resistance. Recently, enhancing asphalt's self-healing 
capability through encapsulated rejuvenators has 
been explored. Bitumen naturally self-heals by wet-
ting and interdiffusion at damaged sites, but this is 
slow at service temperatures and less effective as bi-
tumen ages. Encapsulated rejuvenators release heal-
ing agents when cracks occur, softening the mastic 
and restoring strength [1]. Methods like porous sand, 
sodium alginate gelation, and urea-formaldehyde 
polymerization have been developed to encapsulate 
rejuvenators [2, 3]. Calcium-alginate beads show 
promising results, enhancing self-healing without 
compromising rutting or moisture resistance. These 
rejuvenators release under traffic loads, softening bi-
tumen and aiding crack repair, thus significantly re-
storing aged bitumen. The right rejuvenating agent is 
crucial for reducing costs and environmental impact 
[4]. This study focuses on commercial rejuvenator oil 
in capsules, highlighting the need for innovative 
methods to improve asphalt self-healing efficiency. 

2 OBJECTIVES 

The study aims to evaluate the effect of adding mi-
crocapsule-encapsulated rejuvenators on asphalt mix 
performance. Microcapsules will be incorporated at 
0.5% and 1% dosages by aggregate weight, and tests 
for fatigue resistance, rutting resistance, moisture 
sensitivity, and SARA analysis will be conducted un-
der unaged, short-term aged (STA), and long-term 
aged (LTA) conditions. The goal is to ensure the cap-
sules do not alter the initial mix properties but activate 

only when exposed to oxidative aging and repeated 
loading. 

3 MATERIALS USED  

3.1 Bitumen 
This study utilized a viscosity-graded binder (VG-

40), and its physical properties were tested following 
standard guidelines. The results showed a softening 
point of 51.6°C (ASTM D36-14), ductility greater 
than 100 cm (ASTM D113-17), a penetration of 42.44 
mm (ASTM D5M-20), specific gravity of 1.06 
(ASTM D70-21), and a viscosity of 463 cS at 135°C 
(ASTM D4402-15). These values confirm the bind-
er's suitability for use in asphalt mixtures. 

3.2 Aggregates 
The physical properties of the aggregates used in 

this study were tested according to standard guide-
lines. The combined index (flakiness and elongation) 
was 31.04% (IS 2386 Part 1:1963), the aggregate im-
pact value was 18.03% (IS 2386 Part 4:1963), and the 
Los Angeles abrasion value was 26.3% (IS 2386 Part 
4:1963). These results ensure the aggregates meet the 
required criteria for use in the asphalt mix. 

3.3 Microcapsule-Encapsulated Rejuvenators 
Rejuvenator capsules were synthesized in the lab 

using ionic gelation, where sodium alginate was 
cross-linked with calcium ions (Ca²⁺). A 2% 
weight/volume aqueous solution of sodium alginate 
was stirred for 24 hours and then emulsified with re-
juvenator oil. This mixture was pumped at 2 mL/min 
through a syringe into a calcium chloride (CaCl₂) so-
lution, which acted as a hardener. The hardener solu-
tion was stirred continuously at 300 rpm. Once the 
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capsules formed, they were filtered and dried at 40°C. 
The resulting calcium alginate capsules ranged from 

2 to 3 mm in diameter. 
Figure 1. Laboratory Synthesized Calcium Alginate Capsules. 

4 METHODOLOGY 

The study used Bituminous Concrete Grade-2 
(BC-II) mix gradation (Figure 2) according to 
MoRT&H specifications [5], with Marshall mix de-
sign conducted per the Asphalt Institute MS-2 man-
ual. The optimum binder content (OBC) was deter-
mined to achieve 4% target air voids with 75 blows 
on each side of the Marshall specimen. Aggregates 
and bitumen were heated separately and mixed at a 
specified temperature, and rejuvenator capsules were 
added and blended for uniformity before compaction.  

 
Specimens were prepared in three conditions: 

unaged, short-term aged (STA), and long-term aged 
(LTA). STA specimens were conditioned at 135°C 
for 4 hours, while LTA specimens were aged at 85°C 
for five days. Performance tests, including Marshall 
stability, moisture sensitivity, indirect tensile strength 
(ITS), resilient modulus (MR), dynamic creep, and 
SARA analysis, assessed the impact of the microcap-
sule-encapsulated rejuvenators on asphalt mixes. 

Figure 2. Gradation for BC-II Mix. 
 

5 LABORATORY EXPERIMENTS, RESULTS 
AND DISCUSSIONS 

5.1 Preparation of Bituminous Mix 
The coarse and fine aggregates were first propor-

tioned according to the gradation shown in Figure 2. 
The preheated aggregates and bitumen were mixed at 
the specified mixing temperature. Then, the micro-
capsules were added to the mix and blended uni-
formly. The mixture was compacted in Marshall 
moulds with 75 blows on each face.  

5.2 Mechanical strength and Thermal stability of 
Microcapsules 

Calcium alginate capsules are integrated into as-
phalt mixtures to assess their impact on performance 
and self-healing capabilities. Their mechanical 
strength is evaluated through a uniaxial compression 
test, where a compressive force is applied until the 
yield point is reached. The load-displacement curve 
reveals that the capsules initially behave elastically 
but undergo permanent deformation beyond the yield 
point, increasing the risk of rejuvenator leakage. The 
capsules demonstrated a maximum force of 18 N be-
fore crushing, with previous research indicating that 
a compressive strength above 10 N ensures their in-
tegrity during mixing and compaction [1]. 

To assess thermal stability, thermogravimetric 
analysis (TGA) was conducted to measure mass loss 
at elevated temperatures, confirming that the capsules 
remain stable with less than 5% mass loss up to 200 
°C (Figure 3). This indicates that the capsules will not 
melt at the mixing and compaction temperatures of 
asphalt mixtures, ensuring their effectiveness in en-
hancing self-healing properties without compromis-
ing the mix's integrity. 

 

Figure 2. TGA results of calcium-alginate microcapsule. 

5.3 Influence of microcapsules on volumetrics of 
asphalt mixes 

The asphalt mix design followed the MS-2 proce-
dure, determining the optimum binder content (OBC) 
to be 5.80% for target air voids of 4%. The measured 
values for Marshall stability, flow value, bulk density, 
voids in mineral aggregates (VMA), and voids filled 
with bitumen (VFB) were 1750 kg, 3.7 mm, 2.41 



g/cc, 15.58%, and 74%, respectively. Although add-
ing microcapsules can theoretically increase air voids 
and reduce the percentage of voids filled with asphalt, 
laboratory experiments showed that incorporating 
0.5% to 1% of microcapsules did not significantly af-
fect the asphalt mix's volumetrics, which are crucial 
for its performance. 

5.4 Influence of microcapsules on ITS and 
moisture-sensitivity of asphalt mixes 

The ITS and TSR (AASHTO T-283) tests on 
unaged, STA, and LTA specimens with 0%, 0.5%, 
and 1% capsule additions showed no significant 
changes in values. While ITS values slightly de-
creased with increased capsule content, these varia-
tions were minimal, and TSR values exhibited minor 
fluctuations without a clear trend. This suggests that 
capsule additions up to 1% do not significantly affect 
the mechanical properties or moisture damage re-
sistance of the mix. The variations in ITS and TSR 
values are illustrated in Figures 4 and 5, respectively. 

5.5 Influence of microcapsules on Resilient 
modulus of asphalt mixes 

The resilient modulus (MR) tests (ASTM D4123-
20) on unaged, STA, and LTA specimens with 0%, 
0.5%, and 1% capsule additions indicated a marginal 
decrease in MR values with higher capsule dosages. 
Specifically, MR values dropped from 3137 MPa at 
0% to 2913 MPa at 1% for unaged specimens, with 
similar trends observed in STA and LTA specimens 
(Figure 6). This decrease may be linked to capsule 
breakage during loading, affecting stress distribution 
and the material's ability to recover after deformation. 
The results suggest that the capsules alter the elastic 
properties of the asphalt-capsule mixtures due to me-
chanical interactions under repeated loading. 

 

 
Figure 4. Variation of ITS (in Kpa) with a percentage increase 
in microcapsules addition. 
 
 
 
 

Figure 5. Variation of TSR (in %) with a percentage increase in 
microcapsules addition. 

Figure 6. Variation of Resilient Modulus (in MPa) with a per-
centage increase in microcapsules addition. 

5.6 Influence of microcapsules on rutting behaviour 
of asphalt mixes  

Dynamic creep test (EN 12697-25) results for 
unaged, STA, and LTA samples with varying micro-
capsule additions (0%, 0.5%, and 1%) reveal signifi-
cant trends in asphalt behavior (Figures 7). Permanent 
strain accumulation decreases as samples age, at-
tributed to increased asphaltene content and reduced 
maltene content, leading to a stiffer binder that resists 
deformation under repeated loading. Although there 
is a negligible rise in permanent strains with higher 
microcapsule percentages, this is due to the reorienta-
tion of microcapsules during loading, causing slight 
increases in plastic deformation. The addition of mi-
crocapsules influences mechanical behavior across all 
aging conditions, but rutting performance remains 
largely unaffected. Increased microcapsule dosage in 
STA and LTA specimens results in a slight rise in per-
manent strain, likely due to rejuvenator release under 
cyclic loading and oxidative aging. SARA fractiona-
tion results confirm that some microcapsules break 
during testing, increasing aromatic content and en-
hancing elasticity. The mix can accommodate micro-
capsule additions without substantial performance 
loss, even with microcapsule strength at only 18 N. 
 
 
 



Figure 7. Dynamic creep test results for unaged, STA and LTA 
asphalt mixes with 0%, 0.5%, and 1% of microcapsules 

5.7 Influence of microcapsules on SARA 
components 

SARA analysis results for unaged, STA, and LTA 
specimens with 0%, 0.5%, and 1% microcapsule ad-
ditions indicate several trends (Figure 8). For unaged 
specimens, increased microcapsule content leads to 
higher levels of saturates and aromatics while de-
creasing asphaltenes, a trend also observed in STA 
specimens but with more modest changes. LTA spec-
imens show a notable increase in saturates and resins, 
particularly at higher microcapsule content. This en-
hancement is likely due to rejuvenating oil being re-
leased from microcapsules during repeated dynamic 
loading, which helps rejuvenate bitumen properties, 
restoring flexibility and resilience.  

Figure 8. Comparison of SARA fractions for Unaged, STA, and 
LTA samples with 0%, 0.5%, and 1% microcapsule addition. 

The increased maltene components across all ag-
ing conditions suggest improved bitumen perfor-
mance, especially in LTA specimens where resin lev-
els rise significantly. Conversely, higher 
microcapsule additions decrease asphaltene content, 
indicating a breakdown of heavier components into 
lighter fractions. Overall, the results demonstrate the 
effectiveness of microcapsules in improving bitumen 
properties through the gradual release of rejuvenating 
agents during mechanical stress. 

6 CONCLUSIONS 

This study examined the effects of microcapsule-
encapsulated rejuvenators on asphalt mix perfor-
mance. Calcium alginate capsules containing rejuve-
nator oil were synthesized and added to asphalt mixes 
at dosages of 0%, 0.5%, and 1% by weight. Various 
tests, including ITS, moisture resistance, resilient 
modulus, dynamic creep, and SARA fractionation, 
were conducted on unaged, STA, and LTA mixes. 
Key findings indicate that the capsules have a uniax-
ial compressive strength of 18 N and can withstand 
temperatures up to 200°C without rupture. The micro-
capsules did not significantly affect volumetric prop-
erties or moisture resistance, but increased dosage 
slightly decreased resilient modulus due to potential 
capsule breakage under load. SARA analysis showed 
improved bitumen properties with increased maltene 
components and decreased asphaltenes, enhancing 
flexibility and resilience. Dynamic creep tests indi-
cated that while permanent strain accumulation in-
creased with more microcapsules, rutting perfor-
mance remained largely unaffected. In conclusion, 
microcapsule-encapsulated rejuvenators can enhance 
the self-healing properties of asphalt by gradually re-
leasing rejuvenating agents, supporting future re-
search to optimize capsule formulations for improved 
pavement lifespan. 
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1 INTRODUCTION 
 
The aging mechanism of SBS modified bitumen can-
not be simply divided into base bitumen aging or SBS 
polymer degradation. The mutual protection between 
the two significantly slows the aging rate of polymer 
and bitumen together compared to either of them sep-
arately (Chen et al., 2021). During aging, bitumen un-
dergoes molecular weight increases, while SBS poly-
mer degrades into copolymer particles dispersed 
within the bitumen. These combined effects of bitu-
men oxidation and polymer degradation influence the 
rheological properties (Wei et al., 2020). Thus, it is 
important to take both bitumen and SBS polymer into 
consideration when designing rejuvenators for aged 
SBS modified bitumen. 

There are some studies that have focused on reju-
venating the degraded polymers. For instance, a reju-
venator comprising 75% aromatic oil and 25% SBS 
polymer was applied to reclaimed asphalt pavement 
(RAP) binders, significantly softening the binder as 
well as improving low-temperature cracking and 
high-temperature rutting resistance (Eltwati et al., 
2022). Another rejuvenator, containing aromatic oil, 
light oil, corn oil, and SBS polymer, demonstrated re-
markable improvements in the ductility, elasticity, 
and cracking resistance of the aged bitumen (Cong et 
al., 2020). Beyond the aforementioned polymer resto-
ration through physical interaction, chemical reaction 
rejuvenation has also been explored. Some active ox-
idative functional groups like hydroxyl and carboxyl 
will appear at the fracture sides of the broken SBS 
polymer segments as they degrade, and specific 
chemical compounds can react with these functional 
groups thereby reconnecting the degraded SBS poly-
mer (Cao et al., 2020). For example, rejuvenators 
containing 1, 4-butanediol diglycidyl ether (BUDGE) 

and trimethylolpropane triglycidyl ether (TMPGE) 
have been shown to improve low-temperature ductil-
ity and cracking resistance, with FTIR and fluores-
cence microscopy confirming chemical reactions be-
tween the terminated reactive groups on epoxy 
molecules and the reactive functional groups on pol-
ymer (Xu et al., 2017). Similarly, epoxidized soybean 
oil (ESO) with triphenyl phosphine (TPP) as the cat-
alyst was used to restore polymer networks, with 
FTIR analysis confirming that TPP opened epoxy 
groups in ESO, allowing them to react with degraded 
SBS segments to reconnect them (Wei et al., 2020). 

For both approaches, however, the problems are 
apparent. Adding fresh SBS polymers is efficient but 
neglects the reuse of degraded polymers. Chemical 
rejuvenation utilizes existing polymers but fails to 
fully restore the original polymer network, as reactive 
compounds can only reconnect broken polybutadiene 
segments. To address these issues, this paper pro-
poses an innovative rejuvenator that not only softens 
the aged bitumen phase but also integrates fresh pol-
ymers and repairs the SBS polymer network using a 
specially designed chemical connecting agent. 

2 MATERIALS AND METHODS 

2.1 Rejuvenators preparation 
Liquid Resin (LS oil), a by-product of the kraft pro-
cess, was employed as a pure oil rejuvenator for ref-
erence and as the base oil for other rejuvenators. A 
physical rejuvenator (LS-L), consisting of LS oil and 
low content of SBS polymer, was blended in the lab 
using a high shear mixer for 40 minutes, followed by 
stirring with an overhead stirrer for 2 hours. Addition-
ally, a reactive chemical compound, M, was chosen 
to produce the chemical rejuvenators. 
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2.2 Binder samples preparation 
The SBS modified bitumen was provided by To-
talEnergies Bitumen. The Thin Film Oven Test 
(TFOT) was performed according to EN 12607-2 
(CEN, 2014) to simulate short-term aging and the 
Pressure Aging Vessel (PAV) test was performed for 
80 hours according to EN 14769 (CEN, 2023) to sim-
ulate long-term aging. 

Rejuvenated bitumen samples were prepared by 
first dividing long-term aged bitumen into small con-
tainers. The rejuvenators were then added to these 
containers at the designed dosage. A hand-held mixer 
was used to blend the rejuvenator and aged bitumen 
thoroughly at 170°C for 15 minutes. 

The reactive chemical compound M was used as a 
standalone reference rejuvenator (10% M). It was 
also combined with the pure oil rejuvenator to create 
a chemo-oil rejuvenator (10% XiM + LS) and with the 
physical rejuvenator to produce chemo-physical reju-
venators (10% XiM + LS-L). The addition ratio of M 
is represented by the factor Xi, with i ranging from 1 
to 3, corresponding to addition ratios varying from 
0.2% to 1%. 

2.3 Rheological properties analysis methods 

An Anton Paar Modular Compact Rheometer 502 
was utilized for the rheological tests. Frequency 
sweep tests were conducted in accordance with EN 
14770 (CEN, 2012) at temperatures of 0, 15, 30, 40, 
60, and 80°C, with frequencies ranging from 0.1 to 10 
Hz. The Multiple Stress Creep and Recovery Test 
(MSCRT) was performed at 70°C following EN 
16659 (CEN, 2015). The Linear Amplitude Sweep 
(LAS) test was carried out at 20°C as per AASHTO 
TP 101-14 (AASHTO, 2014). Additionally, a creep-
relaxation test was conducted at 0°C using an 8 mm 
diameter parallel plate and a 2 mm gap. During this 
test, the sample was subjected to 1% shear strain 
within 0.1 seconds, followed by a 100-second relaxa-
tion period under constant strain, with shear stress 
recorded throughout the process (Jing et al., 2020). 

The complex modulus master curves were built 
with the Sigmoidal model from the National Cooper-
ative Highway Research Program (NCHRP) Project 
A-37A (Yusoff et al., 2013). The Kramers-Kronig re-
lations were applied to construct the phase angle mas-
ter curves (Lin et al., 2021). The equations used for 
plotting the master curves are provided below. 
log|𝐺∗| = 𝜐 +

𝛼

1+𝑒(𝛽+𝛾 log𝜔)          (1) 

𝛿 = 90 ×
𝑑𝑙𝑜𝑔𝐺∗

𝑑𝑙𝑜𝑔𝜔
= −90 × 𝛼𝛾

𝑒(𝛽+𝛾 log𝜔)

[1+𝑒(𝛽+𝛾 log𝜔)]
2   (2) 

where |G*| is the complex modulus (Pa),  is the phase 
angle (degree), ω is the reduced frequency at the ref-
erence temperature (rad/s), ν is the lower asymptote, 
α is the difference between the values of the upper and 
lower asymptote, β and γ define the shape between 

the asymptotes and the location of the inflection point 
(inflection point obtained from 10(β/γ)). 

The master curves were constructed with a refer-
ence temperature of 30°C. 

3 RESULTS AND DISCUSSION 

The master curves of complex modulus and phase an-
gle for rejuvenated bitumen binder samples are shown 
in Figures 1-2. Compared to the unaged sample, the 
aged PMB exhibits increased stiffness in the complex 
modulus and a loss of the downward trend and plateau 
region in the phase angle, indicating degradation of 
the polymer network structure within the binder (As-
gharzadeh et al., 2013). 
 
 

 
 
Figure 1. Complex modulus master curves. 
 
 

 
 
Figure 2. Phase angle master curves. 
 



Rejuvenating aged bitumen with pure oil or the 
physical rejuvenator significantly softens the binder. 
However, due to the presence of SBS polymer in the 
physical rejuvenator, the softening effect is slightly 
less pronounced than with pure oil alone. In contrast, 
the use of the pure reactive chemical compound M 
substantially increases stiffness and elasticity, result-
ing in a brittle rejuvenated binder. When the chemical 
compound is combined with the pure oil rejuvenator, 
the elasticity introduced by the chemical phase and 
the viscosity from the oil phase are effectively bal-
anced. The joined use of chemical and physical reju-
venating components achieves similar effects, with 
higher proportions of the chemical compound intro-
ducing more elasticity to the rejuvenated binder. 

Figure 3 presents the average percent recovery 
value R after a 3.2 kPa shear stress from MSCRT. The 
use of pure oil and physical rejuvenators decreases 
the R-value, as the oil component reduces elasticity 
by increasing the binder's viscosity. In contrast, the 
pure chemical compound significantly enhances per-
cent recovery, even exceeding that of unaged PMB, 
due to its exceptional elasticity recovery ability. In the 
chemo-oil rejuvenator, the opposing effects of the 
chemical and oil components on elasticity recovery 
balance each other. At the given addition ratio of the 
chemical compound, the oil component counteracts 
the elasticity-enhancing effects of the chemical com-
pound, resulting in no significant change in the R-
value compared to aged bitumen. For chemo-physical 
rejuvenators, the percent recovery increases with 
higher addition ratios of the chemical compound M, 
confirming its positive contribution to the high-tem-
perature performance of rejuvenated bitumen. 
 
 

 
 
Figure 3. Average percent recovery value from MSCRT. 
 

The fatigue life of the rejuvenated binders at 5% 
applied strain from the LAS test is presented in Figure 

4. Both pure oil and physical rejuvenators greatly en-
hance fatigue life, surpassing that of unaged PMB. 
However, the presence of polymer in the physical re-
juvenator has a negative effect on fatigue life. The 
pure chemical compound M, on the other hand, 
makes the rejuvenated binder excessively stiff and 
brittle, resulting in an extremely low fatigue life. In 
contrast, rejuvenated bitumen with the chemo-oil re-
juvenator outperforms unaged PMB in the fatigue life 
test. For chemo-physical rejuvenators, the combined 
influence of polymer and the chemical compound has 
limited effectiveness in improving fatigue life. 
 
 

 
 
Figure 4. Fatigue life at 5% applied strain. 
 

Figure 5 demonstrates the time for stress reduced 
50% from the maximum of different rejuvenated bi-
tumen samples in the creep-relaxation tests. Pure oil 
and physical rejuvenators significantly reduce the 
time required for stress relaxation compared to aged 
PMB, with the additional SBS polymer in the physi-
cal rejuvenator having little impact on the time reduc-
tion compared to the pure oil rejuvenator. However, 
introducing the pure chemical compound dramati-
cally increases the required time, leading to greater 
stress accumulation and heightened vulnerability to 
crack at low temperatures. By adding extra oil, the 
chemo-oil rejuvenator can let the rejuvenated binder 
have the same performance as unaged PMB. Chemo-
physical rejuvenators also reduce stress relaxation 
time, though less effectively than the chemo-oil reju-
venator due to the added polymer. Nonetheless, both 
chemo-modified rejuvenators outperform aged bitu-
men and show time results similar to their respective 
base rejuvenators (pure oil and physical rejuvena-
tors), indicating that the additional chemical com-
pound does not introduce a considerable detrimental 
effect. 
 



 
 

Figure 5. Time for stress reduced 50% from the maximum in 
creep-relaxation test. 

4 CONCLUSIONS  

In conclusion, different types of rejuvenators were 
compared in this paper based on the rheology of reju-
venated SBS modified bitumen. Experiments show 
that: 

• Pure oil rejuvenator effectively replenishes 
light components and softens aged bitumen, 
improving low-temperature cracking re-
sistance and fatigue life. However, it reduces 
the high-temperature elasticity. 

• The physical rejuvenator, containing SBS pol-
ymer, provides fewer light components, re-
sulting in inferior fatigue life compared to the 
pure oil rejuvenator. Meanwhile, the extra 
SBS polymer does not help a lot in elasticity 
restoration. 

• The pure chemical compound significantly 
improves elasticity but lacks light compo-
nents, leading to poor low-temperature and fa-
tigue performance, even worse than aged 
PMB.  

• Reactive chemical modified rejuvenators, 
however, offer a balanced solution, replenish-
ing light components to improve low-temper-
ature properties while introducing fresh SBS 
polymer and reactivating existing polymers to 
restore the polymer network structure. 
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1 INTRODUCTION 

The increasing necessity for improving our road in-
frastructure has implicated the use of several innova-
tive techniques, such as recycling asphalt pavements 
and alternative asphalt rejuvenators, as potential solu-
tions to produce more sustainable and durable asphalt 
pavements. Even though asphalt recycling is a sus-
tainable road solution, this technique requires rejuve-
nating agents to improve the chemo-mechanical prop-
erties of aged binder in Recycled Asphalt Pavement 
(RAP) aggregates (Zaumanis et al., 2014). 

Asphalt rejuvenators are lubricating and extender 
additive oils with a high proportion of aromatic and 
light aliphatic molecules used to reconstitute the 
chemical composition of asphalt binders (Loise et al., 
2021). Rejuvenators are used to reduce the asphalt 
binder's softening point, viscosity, and complex shear 
modulus |G*| and increase the penetration and phase 
angle (δ). Rejuvenating agents can also be encapsu-
lated to promote the extrinsic self-healing properties 
in conventional and recycled asphalt mixtures (Gon-
zalez-Torre & Norambuena-Contreras, 2020). De-
spite this, asphalt rejuvenators are commercial prod-
ucts mainly derived from petroleum, and their 
extended use on roads could have environmental 

impacts. Recently, several efforts have been devel-
oped to produce pyrolytic liquid and encapsulated as-
phalt rejuvenators (Norambuena-Contreras et al., 
2021; Chávez-Delgado et al., 2024) based on waste 
tyres, refers to discarded or end-of-life tyres. These 
critical wastes often accumulate in landfills or storage 
areas, posing significant environmental hazards. 

This paper describes a case study of a research pro-
ject developed in Chile in partnership with six several 
companies and three local universities. This interdis-
ciplinary project aimed to develop asphalt rejuvena-
tors based on functional liquids obtained from the 
waste tyres pyrolysis. The study involved producing, 
chemically optimising, and validating the capacity of 
functional pyrolytic liquids to improve the rheologi-
cal and self-healing properties of asphalt binders. 

2 MATERIALS AND METHOD 

2.1 Asphalt binders and rejuvenator products based 
on waste tyres 

A virgin bitumen CA-24 (PG 64-22) with a pene-
tration grade of 50/70, a softening point of 51°C and 
a density of 1.034 g/cm³ was used for asphalt rejuve-
nating tests. This virgin bitumen was subjected to a 
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short-term ageing process using the standardised Ro-
tary Thin Film Oven (RTFO) test according to ASTM 
D 2872-19. RTFO sample was then subjected to a 
long-term ageing process in a Pressurised Air Vessel 
(PAV) according to ASTM D 6521-19. Reclaimed bi-
tumen CA-24 from a RAP material with a 10-year 
service life was extracted according to ASTM 
D2172/D2172M using a centrifuge extractor and tri-
chloroethylene as the solvent. It was then recovered 
from the solvent according to ASTM D 5404/D 
5404M. Both PAV and RAP binders were mixed with 
the rejuvenators. 

The first asphalt rejuvenator product was an opti-
mised Pyrolytic Liquid Rejuvenator (PLR in Figure 
1(a)) produced from mining waste tyres pyrolysis. 
PLR can be applied on the surface of aged asphalt 
pavements and as an additive in asphalt mixtures con-
taining RAP material. The pyrolytic asphalt rejuvena-
tor contains 74% wt. of aromatic and terpenic com-
pounds, which gives it antioxidant capacity, the 
potential to replace the aromatic/asphaltene fraction, 
and over 90% stability to oxidative ageing. Likewise, 
its low viscosity (2.49 cP), density (0.856 g/cm3), and 
water content (<3% wt.) are in the same order as com-
mercial competitors. The pyrolytic asphalt rejuvena-
tor was obtained from an autothermal process with a 
carbon footprint equivalent to -1.85 kgCO2/kg of re-
juvenator.  

The second asphalt rejuvenator product of the pro-
ject was Biopolymeric Polynuclear Capsules (BPC in 
Figure 1(b)), which store the optimised PLR inside 
them and add it as an additive into self-healing asphalt 
mixtures. The BPCs consisted of spherical particles 
of 1.06 mm, constituted by a porous microstructure 
generated from sodium alginate. BPCs were produced 
using the jet-vibrating encapsulation of an oil-in-wa-
ter emulsion with a stable biopolymer-to-rejuvenator 
ratio. BPCs showed an encapsulation efficiency of 
97% and a compressive mechanical strength of 8.23 
MPa at 20°C, a cumulative mass loss of 5.9% at 
150°C, proving their ability to survive asphalt hot 
mixing without thermal degradation and mechanical 
resistance to asphalt mixing processes. 
 

 
Figure 1. Asphalt rejuvenators based on waste tyres produced 
during the research project: (a) Pyrolytic Liquid Rejuvenator 
(PLR), and (b) Biopolymeric Polynuclear Capsules (BPC). 

2.2 Rheological properties of asphalt binders with 
optimised PLR 

The rheological characterisation of the asphalt 
binders (Unaged, PAV, RTFO and RAP with PLR 
doses of 0%, 9%, 12% and 15% by wt. binder) was 
carried out with frequency and temperature sweep 
tests according to ASTM D7175. A Dynamic Shear 
Rheometer (DSR), Anton Paar model MCR 301, with 
Anton Paar RheoCompass® software was used. The 
test frequencies were varied between 100 and 0.1 
[rad/s] and the temperatures between 5 and 40°C, 
with 5°C steps. Plates with 8 mm diameter and 2 mm 
gap were used. Dynamic shear modulus (|G*|) and 
phase angle (δ) were obtained. The master curves of 
both variables were constructed for each material at a 
reference temperature of 25°C. 

2.3 Self-healing properties of PAV asphalt binder 
with BPCs 

The Healing Level (HL) in PAV binder tensile test 
samples (produced using the ductility mould) con-
taining different capsule doses was quantified. The 
capsules were incorporated at three different con-
tents: 0.5%, 1.0%, and 2.0% by wt. of 80 g PAV 
binder heated at 150°C and stirred at 300 rpm for 15 
minutes. The HL of the test samples with and without 
capsules was measured based on a cyclic process of 
3-steps that includes: I) sample conditioning at -5°C 
for 2 hours, Figure 2(a), II) tensile fracture at a load-
ing speed of 5 mm/min, Figure 2(b), and Figure III) 
the healing process of the fractured pieces thermally 
conditioned at 20°C for healing time of 6 and 24 
hours, Figure 2(c). After healing, steps I and II were 
repeated, determining the HL as the ratio between the 
maximum forces resisted by a test sample before and 
after the healing process, respectively. The Effective 
Healing Level (EHL) has been calculated by subtract-
ing the HL of samples without capsules from the av-
erage HL obtained from those with capsules. 
 

 
Figure 2. Healing test method on bitumen samples considering 
the steps of (a) Conditioning, (b) Fracture, and (c) Healing. 

 
After tests, statistically significant differences in 

morphological, physical, and mechanical properties 



were assessed using Analysis of Variance (ANOVA) 
at a 95% significance level (α = 0.05) and Tukey’s 
pairwise mean comparisons. 

3 RESULTS AND DISCUSSION 

3.1 Effect of the PLR dosage on the rheological 
response of PAV-aged bitumen  

The |G*| and δ master curves for all asphalt binders 
are presented in Figure 3 and Figure 4, respectively. 
Regarding |G*| master curves, they show increased 
stiffness for all frequencies as the bitumen is sub-
jected to ageing. The |G*| master curve for the RAP 
is even stiffer than the PAV one, indicating that the 
recovered binder had a degree of ageing superior to 
the one simulated by the PAV procedure. Applying 
PLR to the RAP binder diminished its stiffness, with 
higher PLR doses resulting in lower stiffness.  

 

 
Figure 3. Average master curve of |G*| for the asphalt binders 
with and without PLR. 
 
Dosages of 9% and 12% by weight of binder (RAP-
9% and RAP-12%) resulted in stiffnesses at low fre-
quencies (high temperatures) similar to those ob-
served in the RTFO and unaged binders, respectively. 
The effect at higher frequencies (lower temperatures) 
was more pronounced, achieving lower |G*| values 
than the unaged binder at those conditions, which is 
beneficial for lowering the susceptibility to cracking. 
Figure 4 displays the δ master curves. The viscous 
part decreases when the asphalt binder is subjected to 
ageing through RTFO and PAV. 
Compared with the PAV one, the RAP binder's higher 
ageing level is confirmed by its lower δ value at all 
frequencies. The rejuvenating effect of the PLR is less 
significant in δ than in |G*|. A dosage of 9% brings 
the RAP binder only to δ levels similar to a PAV 
binder. With a 15% dose, the δ values are returned to 

levels similar to those of an RTFO, but the viscous 
part is not recovered to levels comparable to those of 
the unaged binder, except at the highest frequency 
range. 
 

 
Figure 4. Average master curve of δ for the asphalt binders with 
and without PLR.  

3.2 Effect of the BPC addition on the self-healing 
properties of aged bitumen 

Figures 5 and 6 show the average HL and EHL results 
for the PAV samples with BPCs at temperatures of 20 
and 25ºC, respectively. Overall, results show that the 
HL in the PAV samples increased with the capsule 
addition and healing time. When evaluating only the 
effect of the temperature, ANOVA revealed statisti-
cally significant differences at 20°C (HL: 46.9%) and 
25°C (HL: 52.8%).  
In term of healing time, the ANOVA showed statisti-
cally significant differences (p-value < 0.05) for 6 
hours and 24 hours, with average HL values of 35.7% 
and 64.0%, respectively. Furthermore, when evaluat-
ing only the effect of capsule content on healing level, 
ANOVA followed by Tukey's mean comparison anal-
ysis revealed statistically significant differences for 
each capsule content, with average values of 33.7%, 
42.9%, 58.4%, and 64.4% for capsule contents of 0%, 
0.5%, 1%, and 2%, respectively. As a result, the self-
healing properties of crack-damaged bituminous ma-
terials were enhanced at higher healing temperatures 
(25°C), extended healing times (24 hours), and in-
creased capsule dosages (2% by weight). 
Furthermore, to evaluate the pure effect of the cap-
sules, Figures 5 and 6 show the EHL above each bar 
(see % values in bars). In this regard, it is concluded 
that these healing levels depended on the percentage 
of capsules and the healing times. For example, 



capsule contents of 1% or higher and healing times of 
24 hours resulted in HL above 30%. Specifically, for 
24 hours and 20°C, a capsule content of 1% resulted 
in a 44.5% increase. Since no statistically significant 
differences were observed between 1% and 2% cap-
sule content, it is possible to conclude that a capsule 
content of up to 1% optimised the capsule dosage to 
achieve a high healing level. Future research will ex-
plore the physical, mechanical, and self-healing prop-
erties of recycled asphalt mixtures containing 1% 
capsule content. 
 

 
Figure 5. Average results of healing level for the bitumen sam-
ples depending on the capsule dosage (0%, 0.5%, 1%, 2% wt.) 
and healing time (6 h, and 24 h) at 20°C. 
 

 
Figure 6. Average results of healing level for the bitumen sam-
ples depending on the capsule dosage (0%, 0.5%, 1%, 2% wt.) 
and healing time (6 h, and 24 h) at 25°C. 

4 CONCLUSIONS 

The following conclusions can be established: 

• The Pyrolytic Liquid Rejuvenator (PLR) based on 
waste tyres successfully rejuvenated the rheologi-
cal properties of the RAP asphalt binder.  

• The rejuvenating effect was more significant on 
the |G*|, achieving stiffnesses like an unaged 
binder with dosages of 15% PLR by weight of the 
binder. For , the same dosage achieved rejuvenat-
ing effects similar to an RTFO asphalt binder.  

• Additionally, the Healing Levels (HL) values de-
pended on the percentage of Biopolymeric Polynu-
clear Capsules (BPCs) added to the PAV binder 
and healing times.  

• As no statistically significant differences were ob-
served between 1% and 2% capsule contents for a 
24-hour healing time, the study recommends a cap-
sule content of 1% to achieve an Effective Healing 
Level (EHL) of 44.5% in PAV binders. 
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1 INTRODUCTION 
Asphalt mixtures used in road construction have a 
limited lifespan, primarily influenced by factors like 
traffic, environmental conditions, natural aging, etc. 
Consequently, it becomes necessary to replace or re-
habilitate these mixtures after a certain period, lead-
ing to the generation of large quantities of reclaimed 
asphalt pavement materials (RAPM). Since this ma-
terial is produced after its first use, it is referred to as 
first-generation RAPM. Many pavements have been 
and are still being constructed using this first-
generation RAPM, either with or without the addi-
tion of rejuvenating agents (RAs). As these pave-
ments approach the end of their service lives, their 
maintenance and rehabilitation will result in the 
large quantity of waste materials termed as second 
generation RAPM. Recycling these second-
generation RAPM and furthermore generations is 
known as re-recycling or repeated recycling. It sup-
ports environmental and economic sustainability by 
reducing land pollution, carbon footprint, conserving 
natural resources (virgin aggregates and bitumen), 
and lowering construction and maintenance costs. 

Although re-recycling is essential for sustainable 
pavement practices, re-recycled pavements (con-
structed with second-generation RAPM) must 
demonstrate performance equal to or better than 
conventional pavements to justify widespread adop-
tion. The primary concern with the re-recycled 
RAPM is the cumulative aging process, which leads 
to increased stiffness and greater susceptibility to 
cracking. This increased stiffness limits the interac-
tion between aged binders and RA, making it diffi-

cult for RA to fully restore the binder's original 
properties, thereby making it unsuitable for repeated 
recycling processes. To address these concerns, ef-
forts have been made to evaluate the feasibility of 
repeated recycling and its impact on RAPM perfor-
mance. 

In 1995, Yoshikane introduced the use of second-
generation RAPM and evaluated the performance of 
re-recycled RAPM through 15-year field investiga-
tion (Yoshikane 1995). The study found that re-
recycled RAPM performed satisfactorily compared 
to single-recycled RAPM and conventional HMA, 
demonstrating that re-recycling of RAPM is a feasi-
ble and effective option. Similarly, Petho and 
Denneman (2016) concluded that RAPM can be re-
cycled multiple times without compromising the 
performance. However, Kriz et al. (2017) concluded 
that the virgin binder type, a high recycling rate, and 
type of RAs might reduce the number of viable cy-
cles significantly and thus make recycling unsus-
tainable in the future. Further, Koudelka et al. (2019) 
used a variety of rejuvenators to restore the proper-
ties of first and second generation RAPM and found 
that most rejuvenated asphalt blends in the second 
cycle of rejuvenation did not meet the performance 
requirements. Additionally, Rodrigues et al. (2024) 
investigated the effects of repeated recycling on the 
fatigue and rutting resistance of asphalt binders, fo-
cusing on how multiple cycles influence their per-
formance characteristics. The findings indicated that 
asphalt binders could be effectively re-recycled up to 
three cycles while maintaining satisfactory perfor-
mance. 
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ABSTRACT: This study evaluates the effectiveness of mustard oil (MO) in restoring the properties of a 60 h 
PAV aged binder across multiple recycling cycles. Two recycling cycles were conducted with 100% aged 
binder, and the changes in rheological and performance characteristics were assessed using Dynamic Shear 
Rheometer (DSR). Results indicated that MO effectively restores binder properties in the first recycling cycle 
(FRC); however, complete restoration in the second cycle (SRC) is not achievable with the same dosage. This 
indicates a diminishing effectiveness of mustard oil (MO) with successive recycling cycles. Additionally, 
MO-rejuvenated binders demonstrated reduced sensitivity to re-aging and subsequent re-rejuvenation. LAS 
test results confirmed that fatigue resistance can be sustained even after multiple aging and recycling cycles. 
Overall, the findings suggest that while RAPM can be recycled multiple times, selecting an appropriate reju-
venator is essential for restoring and maintaining binder performance across successive cycles to ensure sus-
tainable pavement solutions. 



Most of the previous studies have primarily fo-
cused on the single recycling of RAPM in HMA, 
with or without recycling agents. These studies con-
cluded that some RAs are effective in preserving the 
performance of recycled asphalt binder after a single 
reuse (Koudelka et al. 2019, Rai et al. 2024). How-
ever, there is still the issue of the effectiveness of 
RAs in allowing repeated recycling processes with-
out compromising the performance. Repeated recy-
cling of RAPM is not common, and limited research 
and information are available on this topic. There-
fore, the role of RAs in restoring the characteristics 
of RAPM over multiple recycling cycles must be 
evaluated. 

The objective of this study was to evaluate the ef-
fectiveness of mustard oil (MO) as a RA in restoring 
the properties of RAPM across multiple recycling 
cycles. Two recycling cycles were performed with 
100% RAPM content, and the changes in rheologi-
cal and performance characteristics were assessed 
using Dynamic Shear Rheometer (DSR) testing. 

2 MATERIALS AND METHODS 

2.1 Materials 
The asphalt binder used in this study was VG30 with 
penetration of 45dmm and softening point of 52.3°C. 
Its performance grade was PG 70-XX. Mustard oil 
(MO), derived from mustard seeds, was used as the 
RA. MO used in this study was obtained locally 
from a grocery store. The density and viscosity (at 
60°C) of MO  was found to be 0.92 g/cm³ and 40.12 
cP, respectively. 

2.2 Methods 

2.2.1 Experimental process design 
Asphalt binder was aged in the laboratory and then 
rejuvenated using MO. The rejuvenated asphalt 
binder was then re-aged and re-rejuvenated again. 
This process continued for two cycles of aging and 
rejuvenation, as shown in the flow diagram in Figure 
1. Comprehensive rheological tests, including fre-
quency sweep (FS), true high fail temperature 
(TFT), multiple stress creep and recovery (MSCR), 
and linear amplitude sweep (LAS) were conducted 
using a DSR to thoroughly assess the performance 
of asphalt binder after each aging and rejuvenation 
cycle. The results were then analyzed to evaluate the 
changes in the rheological and performance charac-
teristics at all the selected MO dosages. 

2.2.2 Aging and rejuvenation procedure 
The asphalt binder was short-term aged in the labor-
atory using universal simple aging test (USAT) at 

150°C for 50 mins. The residue was subsequently 
subjected to pressure aging vessel (PAV) at 110°C 
and 2.1 MPa for 60h. For long-term aging, instead of 
standard aging time of 20h, 60h was adopted to rep-
licate severely aged binder in tropical countries (Rai 
et al. 2024). The binder obtained after the first aging 
cycle (FAC) is called as the first generation of 
RAPM binder, labelled as RAP1. The first recycling 
cycle (FRC) involved mixing of RAP1 with MO at 
three dosages: 10%, 20%, and 30% by weight of the 
aged binder. The mixture was blended for 15 
minutes at a speed of 700-1000 rpm. The resulting 
binders were labelled RAP1 + 10%, RAP1 + 20%, 
and RAP1 + 30%, respectively. Following this, the 
optimal MO dosage (30%) was determined using a 
rational procedure, the details of which can be found 
elsewhere (Rai et al. 2024). The first rejuvenated 
binder (FRB) was prepared by incorporating the op-
timal MO dosage in RAP1. The FRB underwent sec-
ond aging cycles (SAC) to generate the second gen-
eration of RAPM (RAP2). Subsequently, it was 
subjected to second recycling cycles (SRC) to pro-
duce the second rejuvenated binder (SRB). The ag-
ing and rejuvenation process in the second cycle was 
kept similar to the first cycle. 
 

 
 
Figure 1. Design methodology and experimental plan 

3 RESULTS AND DISCUSSIONS 

3.1 True high fail temperature (TFT) 
Figure 2  illustrates the TFT of aged and rejuvenated 
asphalt binders obtained for FRC and SRC. In the 
first cycle (FAC + FRC), Figure 2(a) shows that the 
TFT of VG30 increased by approximately 51% after 
aging, indicating significant stiffening of asphalt 
binder. Following rejuvenation, the binder softened, 
and the TFT decreased. At FMO dosage of around 



30%, the TFT of rejuvenated binder closely aligned 
with that of VG30, suggesting effective restoration 
during FRC. 

In the second cycle (SAC + SRC), a similar trend 
was observed: aging increased the TFT, while reju-
venation reduced it. However, during SAC, 42.3% 
increase in the TFT was observed, which is notably 
lower than the increase observed in the FAC. This 
indicates that the stiffness of RAP2 was significantly 
lower than that of RAP1, demonstrating that the 
presence of MO slowed down the aging process. 

Although RAP2 exhibited lower stiffness than 
RAP1, the 30% dosage of MO used in the SRC was 
insufficient to fully restore the binder property of 
RAP2 (to match with VG30). This suggests that 
higher dosages or alternative rejuvenators may be 
required for further recycling cycles. Therefore, the 
concept that less stiffened binder required low reju-
venator dosages is not valid for repeated aging and 
recycling process. This conclusion is based on the 
selected RA and the aged binder used in this study. 
However, further research is necessary to validate 
these findings and explore their applicability across 
a broader range of aging conditions, binder types, 
and RA types. 

To determine the exact dosages required to 
achieve comparable properties, a plot of TFT versus 
MO content was generated as shown in Figure 2(b) 
for both recycling cycles. The linear regression 
equations, shown in the graphs for each cycle, were 
then used to calculate the required dosage. The re-
sults indicate that during the FRC, a dosage of ap-
proximately 33% MO was sufficient to restore the 
TFT similar to VG30. However, in the SRC, a sub-
stantially higher dosage of around 62% was neces-
sary to achieve similar TFT. This significant in-
crease in the required dosage underscores the 
reduced effectiveness of MO in second recycling cy-
cles. This may be due to reduced binder reactivity, 
attributed to re-aging or the reduced capacity of the 
MO to diffuse and soften the RAP2. 

 

 
 
Figure 2. (a) TFT of aged and rejuvenated binder, (b) Linear 
regression of TFT versus MO dosage for FRC and SRC. 

3.2 Complex modulus (G*) master curve 

For the first cycle, as shown in Figure 3, it was ob-
served that after aging, the G* of asphalt binder in-
creased significantly. After rejuvenation, the binder 
softened, and the value of G* reduced in the entire 
domain of reduced frequency. However, the reduc-
tion in G* due to rejuvenation was found to be more 
prominent at lower reduced frequencies. It can also 
be observed that none of the rejuvenated binder mas-
ter curves exactly match the virgin binder master 
curve. As observed, aligning the G* curve of rejuve-
nated binders in the low-frequencies range (corre-
sponding to high temperatures) can result in a lower 
G* value compared to virgin binders in the high-
frequencies range (corresponding to lower tempera-
tures). This indicates that rejuvenated binders exhibit 
reduced stiffness at lower temperatures while main-
taining comparable or improved stiffness at higher 
temperatures. In other words, the rejuvenation pro-
cess enhances the low-temperature performance of 
the aged asphalt binder. Similar trends have been re-
ported in a previous study (Hugener and Kawakami 
2017). 

In the second cycle, as shown in Figure 3, com-
plex modulus (G*) increased after aging and reduced 
after rejuvenation, following trends similar to the 
first cycle. The increase in stiffness due to aging was 
lower in the second cycle compared to the first, sug-
gesting that the binder became more resistant to ag-
ing-induced stiffening. Despite this, MO effectively 
softens the binder, as evidenced by the reduction in 
G* with increase in dosage. However, the differ-
ences in the G* master curves across various rejuve-
nator dosages were less pronounced, particularly in 
the lower frequencies range, indicating reduced sen-
sitivity of the asphalt binder to rejuvenation. Fur-
thermore, rejuvenated binders exhibit lower values 
of G* at higher frequencies and higher values at 
lower frequencies, compared to VG30. This indi-
cates that MO (up to 30%) was unable to fully re-
store the stiffness characteristics of the rejuvenated 
binder, particularly in the low-frequencies domain. 

 

 
 
Figure 3. Complex modulus (G*) master curve at 60 ℃ for (a) 
FRC (b) SRC 



3.3 Rutting and fatigue performances 

The MSCR test was conducted at 60°C to evaluate 
the rutting performance, while the LAS test was per-
formed at 20°C to assess the fatigue characteristics 
of the asphalt binders. Non-recoverable creep com-
pliance (Jnr) and fatigue life (Nf) were the primary 
parameters obtained from these tests. Lower Jnr and 
higher Nf values indicate better rutting and fatigue 
resistance in the binder. Previous studies have sug-
gested that Jnr at a stress level of 3.2kPa (Jnr,3.2) and 
fatigue life at 5% strain (Nf,5) may be used to study 
the effects of aging and rejuvenation process. The 
results obtained in this study are shown in Figure 4. 

Figure 4 (a) shows the Jnr,3.2 values for the virgin 
binder and rejuvenated binder after each aging and 
rejuvenation cycle. Aging reduces Jnr,3.2, indicating 
improvement in the resistance to rutting. Converse-
ly, adding MO increases Jnr,3.2, thus softening the 
binder. The increase in Jnr,3.2 with the increase in MO 
content in FRC was more prominent than SRC. In 
FRC, MO successfully restored Jnr,3.2 of aged binder 
to similar level of VG30 at 30% MO dosage. How-
ever, in the SRC, the same dosage was insufficient 
to achieve a comparable Jnr,3.2 indicating a dimin-
ished rejuvenation effect in subsequent cycles. This 
reduction in effectiveness could be attributed to 
MO's inability to significantly reduce the G* of 
RAP2 up to the 30% dosage, as discussed in the pre-
vious section. 

Figure 4 (b) shows that the fatigue life of the 
binder decreased after aging but improved with the 
incorporation of MO in both recycling cycles. All re-
juvenated binders exhibited greater fatigue re-
sistance than the virgin binder in both cycles. How-
ever, the reduction in fatigue life after FAC was 
more significant compared to SAC, indicating that 
MO also acts as an anti-aging agent. Additionally, 
the fatigue life of the binders increased progressively 
with successive recycling cycle. The improvement 
was attributed to the lower G* of rejuvenated binder 
compared to VG30 at lower temperatures, as dis-
cussed in section 3.2. 

 

 
 
Figure 4. (a) Rutting resistance and (b) fatigue life of asphalt 
binders during repeated aging and recycling cycles 

4 CONCLUSIONS 

Based on the test results, the following conclusions 
can be drawn. 
− MO is effective in restoring the original proper-

ties of the aged binder during the FRC, its effec-
tiveness significantly diminishes with subsequent 
aging and recycling, requiring higher MO dosag-
es in SRC. 

− High temperature performances can be recovered 
during FRC but recovery during SRC using simi-
lar dosage is not achievable. 

− The MO rejuvenated binder appeared to be less 
sensitive to both re-aging and the subsequent re-
rejuvenation process, as seen by the lesser in-
crease and decrease in stiffness caused by aging 
and rejuvenation in the second cycle compared to 
the first cycle. 

− The LAS test result indicates that fatigue re-
sistance can be maintained even after multiple ag-
ing and recycling cycles. Moreover, the fatigue 
life of the binders progressively improved with 
each successive recycling cycle. 

− Overall, RAPM can be recycled multiple times, 
but selecting the right rejuvenator is essential for 
restoring and maintaining its performance. 
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1 INTRODUCTION 
 
Like any organic construction material, asphalt is 
subject to natural deterioration processes, which af-
fect its performance in the long term. Particularly 
when used as a road pavement, asphalt can experi-
ence a comparatively rapid deterioration in material 
properties, especially with high traffic volumes and 
harsh weather conditions. The maximum service life 
of asphalt pavements in Germany is therefore set at 
30 years, depending on the type of use (FGSV, 
2012). While in the distant past, most reclaimed as-
phalt pavement (RAP) was sent to landfill, the scar-
city of resources during the oil crisis in the 1970s led 
to an increase in the reuse of RAP for road construc-
tion (Copeland, 2011). Nowadays, the use of RAP is 
well established in Germany, with around 87 % of 
reclaimed asphalt being reused in 2022 (EAPA, 
2022). 

By using rejuvenators, it is possible to counteract 
the effects of ageing in RAP by restoring specific 
performance properties. Rejuvenators make the 
binder softer, more flexible, less brittle, and partially 
restore the original viscoelastic structure of the aged 
asphalt (Shen et al., 2007).  Various petrol-based re-
juvenators have been intensively investigated in re-
cent decades to optimise their effectiveness in recy-
cling processes (Carey and Paul, 1980, NMT, 1985, 
Behnood, 2019). They mainly replenish fractions 

lost due to the ageing process. In contrast, biobased 
rejuvenators are said to change the chemical proper-
ties of the old binder, making them even more effec-
tive (Fang et al., 2021).  

Considering the increasing shortage of primary 
resources, especially crude oil, and concerning sus-
tainability, bio-based rejuvenators could be seen as a 
game changer for sustainable road construction. 
However, this raises the question of where the limits 
lie for rejuvenators. Asphalt has been systematically 
reused in Germany since the late 1970s (DAV, 
2011). As a result, more and more RAP containing 
recycled materials are being produced. In the future, 
we will face the challenge of using RAP after multi-
ple reuse cycles. Particularly regarding successive 
cycles of paving, ageing, and rejuvenation of the as-
phalt, it must be clarified whether rejuvenators can 
meet the requirements from a chemical and rheolog-
ical viewpoint without any performance loss. In ad-
dition, it must be clarified how often this cycle can 
be repeated and whether endless reuse is possible 
(Schwettmann et al., 2023). 

The project “Postcarbone road - The endless cy-
cle of bitumen reuse” has provided the basis for clar-
ifying this topic by investigating the impact of eight 
different rejuvenators on three partly cyclically aged 
bitumen of the 50/70 grade. By using a dynamic 
shear rheometer (DSR) and Fourier transform infra-
red spectroscopy (FTIR), for instance, it was possi-
ble to gain insights from a rheological and chemical 
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ABSTRACT: In road construction, the reuse of reclaimed asphalt depends on the addition of large quantities 
of fresh binder. Bio-based rejuvenators can represent a sustainable alternative to this, but their performance 
concerning multiple reuses has yet to be investigated. For this study, fresh 50/70 bitumen was subjected to up 
to four ageing and rejuvenation cycles using eight commercially available rejuvenators (five bio- and three 
petroleum-based). The rheological and chemical evaluation of the raw materials and resulting products was 
carried out using a dynamic shear rheometer and Fourier transform infrared spectrometer. Through examina-
tion of the infrared spectra, the rejuvenators were divided into three groups based on similar chemical compo-
sition. Further, evaluated optimum dosage quantities required to rejuvenate aged binder indicate that bio-
based rejuvenators are more resource-efficient than their petrol-based counterparts. Finally, a most promising 
bio-based rejuvenator candidate was found, allowing up to four reuse cycles. 



perspective into which factors limit endless rejuve-
nation of bitumen.  

The following article presents some of the pro-
ject's findings regarding the effects and efficiency of 
rejuvenators on bitumen and the limits of multiple 
reuses. Furthermore, a brief insight is given into the 
follow-up project “Postcarbone road - The endless 
cycle of asphalt reuse.” 

2 MATERIALS AND METHODS 

2.1 Materials 
The exemplary results presented in this article in-
clude investigations on paving grade bitumen 50/70 
and eight commercially available rejuvenators (R1-
R8). The rejuvenators R2, R6, and R7 are petrole-
um-based, whereas the rejuvenators R1, R3, R4, R5, 
and R8 are bio-based and, according to the manufac-
turers, were obtained from sustainable raw materials. 

2.2 Aging and rejuvenation 
Based on preliminary investigations, a program was 
selected for artificial ageing, according to which the 
rheological properties of the aged binder are compa-
rable to those of RAP (Schwettmann et al., 2022). 
This involved short-term ageing using the rolling 
thin oven test (RTFOT) according to EN 12607-1 
(CEN, 2015) and 2x long-term ageing using a pres-
sure aging vessel (PAV) according to EN 14769 
(CEN, 2023a). For rejuvenation, the bitumen was 
first heated to 160 °C and then added under constant 
stirring using a flight wheel mixer. After adding the 
rejuvenator, stirring continued for another 10 min. 
Single aging and rejuvenation was carried out with 
R3, R4, R6, and R7. Cyclic rejuvenation was simu-
lated with R1, R2, R5, and R8. 
 

2.3 Rheological investigations 
The rheological investigations of the samples were 
carried out using a DSR according to EN 14770 
(CEN, 2023b). The calculated optimal dosages of 
the rejuvenators were determined using the equi-
stiffness temperature T(|G*|=15 kPa), whereby the 
target values corresponded to the properties of fresh 
bitumen (Radenberg et al., 2021). 
 

2.4 Chemical characterization 
The chemical characterisation of the samples was 
carried out through FTIR using the attenuated total 
reflectance (ATR) technique equipped with a zinc 
selenide (ZnSe) crystal (25x reflection). For the 
measurement, the samples were previously dissolved 
in a mass ratio of 1:3 with cyclohexane, applied to 
the ZnSe crystal, and then the solvent was allowed 
to evaporate for at least 15 min. For each sample, 32 
scans were performed, with a spectral wavenumber 

range of 4000 cm-¹ to 600 cm-¹ and a resolution of 
4 cm-¹. The resulting reflectance spectra were then 
converted to absorbance spectra, standardised using 
standard normal variate (SNV) transformation and 
averaged. 

3 RESULTS AND DISCUSSION 

3.1 Impact and functionality of rejuvenators on 
bitumen 

The project aimed to investigate the possibilities of 
cyclic reuse of bitumen at the binder level. Initially, 
the first characterisation of the eight selected rejuve-
nators was carried out using FTIR spectroscopy. 
This revealed that the rejuvenators could be divided 
into three groups based on their distinct chemical 
composition (Figure 1) (Schwettmann et al., 2020): 
The biobased rejuvenators (R1, R3, R4, R5, R8) can 
be divided into two groups based on the FTIR spec-
tra (Figure 1(a) and (b)), indicating two different 
groups of sources. Within the groups, however, the 
sources of the rejuvenators appear to be similar. In 
contrast, the petroleum-derived rejuvenators R2, R6, 
and R7 show more bitumen-like FTIR spectra (Fig-
ure 1(c)). 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. SNV-standardised FTIR spectra of the rejuvenators 
used: (a) R1, R3, R4 and (b) R5, R8 biobased rejuvenators; (c) 
R2, R6, R7 petroleum-derived rejuvenators. 



The separation of the bio-based rejuvenators into 
two groups is also evident in the effects of the reju-
venators on the rheology of the fresh 50/70 bitumen. 
DSR investigations of the bitumen-rejuvenator mix-
tures show viscoelastic properties that can be at-
tributed to the distinct chemical composition of the 
rejuvenators. While the addition of R1, R3, and R4 
only caused a decrease in the equi-shear modulus 
temperature, an additional increase in the phase an-
gle can be recorded for R5 and R8. 

Regarding the estimation of the rejuvenators' effi-
ciency, further rheological tests were carried out to 
investigate the required optimum dosage of the reju-
venators. For the aged bitumen, the optimum rejuve-
nator dosage rates required to achieve the complex 
shear modulus of an unaged 50/70 bitumen were 
calculated. This was done using the equi-shear mod-
ulus temperatures based on the results of the temper-
ature sweep (T-sweep) over a temperature range of 
-20 to 150 °C (Figure 2). This made it possible to 
determine the required dosage of the rejuvenators for 
the relevant temperature range of -20 to 40 °C 
(Radenberg et al., 2021). In general, the required 
dosage for all rejuvenators increases with increasing 
temperature from -20 to 40 °C but remains virtually 
constant beyond this point. However, individually, 
the dosage quantities vary considerably. While the 
bio-based rejuvenators with a dosage of up to ap-
prox. 15 wt.-% manage to achieve the performance 
of fresh bitumen, the petroleum-based rejuvenators 
R2, R6, and R7 with a dosage of around 20, 40, and 
50 wt.-% are severely limited regarding individual 
resource efficiency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Calculated optimal dosages of rejuvenators R1 to R8 
depending on the respective reference temperature for a 50/70 
bitumen (bio-based: R1, R3, R4, R5, R8; petroleum-based: R2, 
R6, R7). 

 

3.2 Multiple reuses of bitumen and its limitations 
The Black diagram in Figure 3 illustrates the chang-
es in the equi-shear modulus temperature T(G*= 
15 kPa) and the corresponding phase angle δ for four 
rejuvenation cycles using R8. The diagram visualis-

es how the rheological properties of the bitumen-
rejuvenator mixture change through successive age-
ing and rejuvenation: As the number of cycles in-
creases, the viscoelastic deformation components 
gradually shift towards the elastic component. After 
the fourth ageing cycle, the phase angle is signifi-
cantly reduced, and almost no change can be 
achieved even through subsequent rejuvenation. Due 
to the low phase angle and high equi-shear modulus 
temperature, the reuse of the binder is no longer pos-
sible without problems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Change in rheological properties in the various reuse 
cycles exemplified for the bio-based rejuvenator R8 and a 
50/70 bitumen. 
 
The limits of reuse also become apparent visually. 
Figure 4 shows an example of observable phase sep-
aration of the bitumen-rejuvenator mixtures (critical 
state), which occurred at the latest after four rejuve-
nation cycles and subsequent ageing. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Image of a heterogeneous bitumen sample dissolved 
in cyclohexane. 

 
In general, the chemical analyses indicate no re-

actions between the rejuvenators and the bitumen. 
Figure 5 compares exemplarily the FTIR spectra of 
the pure R8, the fresh bitumen C, and the respective 
bitumen-rejuvenator mixture after three reuse cycles. 
Only mixing between the bitumen and the rejuvena-
tor occurred, which resulted in the FTIR spectrum of 
the bitumen becoming more similar to that of the 
pure rejuvenator after each new rejuvenation step. 
 



Figure 5. SNV-standardised FTIR spectra of the bio-based re-
juvenator R8, fresh 50/70 bitumen, and 50/70 bitumen after the 
third rejuvenation cycle.  

3.3 Multiple reuses of asphalt 
In the follow-up project, “Postcarbone road - The 
endless cycle of asphalt reuse,” the identified limits 
will be resolved or shifted. To this end, the bio-
based rejuvenator will be specifically modified so 
that the bitumen can undergo more than four reuse 
cycles. The rejuvenator's impact will be investigated 
at the binder, mastic, and asphalt levels. On the as-
phalt level, the adhesion behaviour, and the degree 
of mixing between the binder and rejuvenator will 
also be considered, whereby the development of two 
novel method concepts based on FTIR spectroscopy 
is planned for the latter. The results of this project 
are intended to show a fundamental way of realising 
endless or rather multiple reuses of asphalt by reju-
venators. 

4 SUMMARY 

The exemplary results of the project “Postcarbone 
road - The endless cycle of bitumen reuse” presented 
in this article are intended to show the possibilities 
of cyclic reuse of asphalt at the binder level. Based 
on chemical and rheological investigations, it was 
shown that bio-based rejuvenators are the most 
promising candidates for this task. A rejuvenator 
was identified that requires low dosages on the one 
hand and enables up to four rejuvenation cycles on 
the other hand. In the follow-up project, the “Post-
carbone road - The endless cycle of asphalt reuse”, 
the knowledge gained will now be transferred to the 
asphalt level. 
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1 INTRODUCTION 

Porous asphalt is an engineered mixture comprising 
very little to no fine particles such that the mini-
mum design air void content is 20% (CROW, 2000). 
Due to high porosity, the use of porous asphalt mix-
tures (also referred to as ZOAB in The Netherlands) 
in the surface layer is an effective strategy to reduce 
traffic noise and the risks of hydroplaning during 
wet weather. However, the high air void content 
makes the surface susceptible to deterioration under 
the actions of traffic and environment. Raveling is 
one of the most common distresses in ZOAB (Ha-
gos, 2008). The open-graded structure is exposed to 
oxygen, moisture, temperature variations, and ultra-
violet radiations that accelerate material ageing, 
thereby increasing bitumen viscosity and resulting in 
stiffer mixtures that are prone to aggregate loss from 
the pavement’s surface.  

Therefore, it is important to restore the properties 
of aged bitumen and use maintenance measures that 
can preserve the pavement condition and extend its 
service life. In-situ rejuvenation has emerged as one 
of the promising approaches that extends the service 
life of pavements as they have the potential to re-
store the original asphaltene to maltene ratio (Karls-
son & Isacsson 2006). It involves spraying a com-
pound over the existing pavement’s surface, targeted 
at immediate diffusion into asphalt concrete to re-

store the properties of the aged binder. The first in-
vestigation in the United States reported that the re-
juvenator penetrated to a depth of about 9.5 mm into 
the dense asphalt surface, and softened the binder as 
confirmed by penetration and viscosity measure-
ments of extracted binder (Brown & John-son 1976). 
Another study recommended that in-situ rejuvena-
tion must be conducted on pavements having void 
content higher than 7% to allow the product to pene-
trate to a depth of 9.5 mm from the surface and reju-
venate the oxidized binder (Estakhri & Agarwal 
1991). Computed tomography scans have detected 
the presence of rejuvenators within 9-20 mm depth 
of field extracted ZOAB cores, with porosity values 
still being higher than 20% (Zhang et al. 2015). 

Some researchers have highlighted that surface 
treatments, involving the application of a thin layer 
of asphalt or other materials, can effectively pre-
serve pavement surfaces (Herrington & Alabaster 
2007; Qian & Lu 2015). For example, porous epoxy-
modified asphalt mixtures demonstrated superior 
cohesive properties compared to standard open-
graded porous mixtures at 10°C (Herrington & Ala-
baster, 2007). These mixtures also offer excellent re-
sistance to moisture damage, maintain desired per-
meability, enhance sound absorption, and improve 
the durability of ZOAB. Additionally, the use of sur-
face treatment agents, both with and with-out reju-
venating effects, can yield significant economic ben-
efits by extending pavement service life (Singh & 
Varveri, 2024; Zuniga-Garcia et al., 2018). 
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ABSTRACT: This study evaluated the durability of in-situ treated porous asphalt pavement surface (ZOAB) 
layers using surface treatment agents, both with and without rejuvenating effects. Field cores were extracted 
from four highway sections before and after treatment to analyze their impact on durability and raveling re-
sistance. Fourier Transform Infrared Spectroscopy showed that the application of these agents led to reduction 
of carbonyls and sulfoxides without the formation of additional chemical functional groups. Further, micro-
computed tomography revealed no significant changes in void distribution or material phases. The rotating 
surface abrasion test demonstrated that treated sections exhibited 67–82% lesser aggregate loss compared to 
control, attributed to the effects of applied treatment agents. Overall, the study highlighted that in-situ surface 
treatments, both rejuvenating and non-rejuvenating, are promising approaches for sustainable pavement 
maintenance.  



Based on the literature, it may be stated that alt-
hough multiple studies have explored the effects of 
surface treatment on aged bitumen and asphalt mix-
ture properties, limited efforts have been made to in-
vestigate the durability of in-situ treated ZOAB. 
Thus, the objective of this research was to investi-
gate the durability and raveling resistance of ZOAB 
before and after in-situ treatments, including a reju-
venator and preservative agent. The results of this 
study are part of an ongoing investigation that is 
aimed at evaluating the service life extension of 
ZOAB and test methods to capture the influence of 
these treatments on Dutch highway network. 

2 METHODOLOGY 

The pavement sections investigated in this research 
were constructed between the years 2011 and 2014, 
and since then they have been continuously exposed 
to the natural environmental conditions and traffic 
loads. One treatment has been conducted on these 
field sections. Multiple field cores of 150 mm diam-
eter were drilled from the different pavement sec-
tions right before the in-situ treatment (15-30 cores) 
and about 2-3 months after treatment (12-18 cores). 
Sections A, B, and D received in-situ treatments 
with rejuvenation effects, while section C underwent 
a non-rejuvenating surface treatment. It is worth 
mentioning that the objective of this research is not 
to investigate the mechanism of treatment agents but 
explore their influence on durability of ZOAB. 

2.1 Chemical analysis 
To identify the development of additional chemical 
functional groups due to in-situ treatment, Fourier 
transform infrared spectroscopy (FTIR) was used in 
attenuated total reflection mode. From the field 
specimens, the top slice was cut having a thickness 
varying from 10-15 mm, and the bitumen was ex-
tracted in accordance with International standards 
(EN 12697-3+A1, 2018). The characteristic peaks 
and FTIR spectral regions such as sulfoxides, car-
bonyls, and aromatics were used for analysis. FTIR 
spectra (two independent measurements) were ob-
tained in the mid-infrared range of 4000 to 650 cm⁻¹ 
with 16 scans per specimen and a resolution of 4 cm-
1 to identify functional groups present in the sam-
ples. The carbonyl and sulfoxide indices were ex-
pressed as the ratio of area of specific bands of spec-
trum to the sum of area under aliphatic bands using 
Equations 1 and 2. 

 
                     (1) 

 
                     (2) 

 

where, A1700 = area under the spectrum, tangential 
baseline between wavenumbers 1750 and 1610 cm-1; 
A1030 = area under the spectrum, tangential baseline 
between wavenumbers 1030 and 924 cm-1; A1460 = 
area under the spectrum, tangential baseline between 
wavenumbers 1525 and 1395 cm-1; and A1376 = area 
under the spectrum, tangential baseline between 
wavenumbers 1390 and 1350 cm-1.  

2.2 Micro-computed tomography 
The internal microstructure of the ZOAB field cores 
and the presence of different material phase (due to 
in-situ treatment) were investigated using micro-
computed tomography (micro-CT). The imaging 
was performed on 45 mm diameter cylinders before 
and after treatment. All the micro-CT scans were 
performed under identical spatial resolution (voxel 
size of 90 µm). The projection images were post-
processed using a non-commercial software and the 
images were segmented into different phases based 
on thresholds of greyscale pixel intensity. 

2.3 Rotating surface abrasion test 
The ravelling resistance of the control, i.e. untreated, 
and treated sections was evaluated using rotating 
surface abrasion test (RSAT). Though RSAT meas-
urements are typically performed at 20ᵒC, past 
Dutch experience has shown that raveling becomes 
more severe at low temperatures (CEN/TS 12697-
50, 2018; Houben & Van De Ven 2014). Hence, the 
test temperature of 5ᵒC was used. Three drill cores 
of 150 mm diameter were used to create an RSAT 
plate (see Fig. 1) and the specimens were subjected 
to 86,600 wheel passes. A minimum of three repli-
cates were tested for each section, with an exception 
of one test section, for which only two replicates 
were tested for the treated mixtures, due to the ab-
sence of suitable drill-cores to produce a third test 
plate. The weight of aggregates larger than 2 mm 
lost during the test was recorded at various time in-
tervals (1, 4, 8, 12, 16 and 20 h) as well as after the 
completion of the test (24 h). 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Arrangement of RSAT plates and test setup. 



3 RESULTS AND DISCUSSIONS 

3.1 Chemical analysis 
The FTIR spectra (enlarged image of the spectral re-
gion critical for bitumen ageing) for the control (de-
noted as Ctrl in Fig. 2) and treated (denoted as Treat 
in Fig. 2) pavement sections (denoted as A, B, C, 
and D) indicated that the in-situ treatment did not re-
sult in formation of additional chemical functional 
groups. It is important to mention that strong unan-
ticipated peaks (nitro compounds) were observed at 
wavenumbers 1578 and 1540 cm-1. However, these 
peaks were not due to the in-situ treatment as they 
were also found in the FTIR spectra of control spec-
imens. 

Further, the average (3 replicates per highway 
section except D where 5 control and 2 treated repli-
cates were tested) carbonyl and sulfoxide indices are 
presented in Figure 3. The results indicated that the 
carbonyl and sulfoxide indices of treated sections 
were relatively lower than those of control (untreat-
ed) sections, except for highways C and D, where 
the ageing indices were almost similar. For both 
treated and untreated sections, a higher proportion of 
sulfoxides were formed compared to carbonyls at-
tributed to the higher reactivity of sulfur with oxy-
gen than carbon. Other studies have also mentioned 
that the generation of carbonyls due to ageing of bi-
tumen is slower compared to sulfoxides (Jing et al. 
2019). 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. FTIR spectra of critical region for untreated and 
treated sections. 

 
 
 
 
 
 
 
 
 
 

 
Figure 3. Carbonyl and sulfoxide indices for the four highway 
sections before and after in-situ treatment. 

 It is worth mentioning that though the peak inten-
sity of FTIR spectra for the in-situ treatment agents 
(confidential data not plotted) was different com-
pared to the binders, their corresponding wave-
numbers were similar to those for the control and 
treated sections. Thus, it may be stated that the 
chemical composition of these agents was similar to 
that of bitumen. Consequently, the presence of 
treatment agents did not result in major differences 
in the chemical composition. This indicates that the 
they did not affect the chemical bonds or functional 
groups but rather led to rearrangement of polar/non-
polar molecular components. The lower ageing indi-
ces can also be due to the availability of additional 
fresh bitumen-like products after treatment. There-
fore, the effectiveness of applied products is unclear 
based on the existing FTIR data. Future research will 
focus on collecting more data and exploring addi-
tional tests that can help in capturing the influence of 
in-situ treatment on bitumen composition. 

3.2 Micro-computed tomography 
The peak histogram phase detection method was 
employed to detect the presence of treatment agents. 
The histogram curves for the treated ZOAB did not 
show any additional peaks, which could indicate the 
presence of different material phases other than ag-
gregates, asphalt mortar, and voids. A typical histo-
gram of the treated sections is shown in Figure 4. 
The possible reason for the non-appearance of sur-
face treatment agents could be that they either dif-
fused in the mortar or their density was similar to 
that of bitumen, which did not caused a dramatic 
changes in the density of treated mixtures. Further, 
no clear trends were observed in terms of void re-
duction across the depth of ZOAB and the applica-
tion of treatment agents did not lead to reduction of 
air voids. 
 
 
 
 
 
 
 
 
 

 
Figure 4. Greyscale histogram for treated sections. 

3.3 Rotating surface abrasion test 
As illustrated in Figure 5, the average aggregate loss 
for the treated sections was lower than control by 
approximately 67-82%. Ageing typically increases 
the asphaltene fraction and reduces maltenes, which 
causes a reduction in the effective contact area be-
tween the bitumen and aggregate bridges, thereby 



increasing the risk of adhesive failure (Yuan et al. 
2020). Note that the FTIR results confirmed that the 
in-situ treatment did not create additional chemical 
functional groups in the aged binder, and possibly, 
physically diffused into the aged material. This 
physical diffusion provided additional fresh binder, 
strengthening the mastic and bitumen bridges as well 
as restoring bitumen properties, thereby reducing the 
stiffness of mixture. Consequently, the bond strength 
between the binder and aggregates increased as also 
reflected by the lower aggregate loss of treated mix-
tures compared to control. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Average aggregate loss in the four highway sections 
before and after in-situ treatment. 

4 CONCLUSIONS AND RECOMMENDATIONS 

In this study, different investigations were undertak-
en to analyze the durability and raveling resistance 
of in-situ treated ZOAB mixtures. The major con-
clusions and recommendations are: 

• FTIR analysis indicated that in-situ treatment 
reduced ageing indices by physically diffus-
ing into binder without forming new chemi-
cal functional groups, indicating the preser-
vation or restoration of binder properties. 

• Micro-computed tomography detected no dis-
tinct material phases, indicating that treat-
ment agents either diffused into the binder or 
had a density similar to bitumen, causing 
minimal changes within the mixtures. 

• The in-situ rejuvenation reduced the aggre-
gate loss by up to 82%, attributed to the re-
duced stiffness of the mixture. 

Future research will focus on incorporating ad-
vanced performance characterization methods to bet-
ter understand and quantify the effects of in-situ 
treatments, both with and without rejuvenating ef-
fects, on aged binder properties and pavement ser-
vice life. In-situ treatment, already a mainstream 
maintenance pavement preservation technology in 
the Netherlands, is a promising method to extend as-
phalt service life, with potential for wider global 
adoption as a sustainable practice. 
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1 INTRODUCTION  

Fatigue in asphalt materials is a primary degradation 
process that causes the initiation and propagation of 
cracks and significantly reduces the service life of as-
phalt pavements. It is characterized in the laboratory 
using two approaches: strain-controlled and stress-
controlled modes. In the stress-controlled mode, a cy-
clic loading signal with a constant stress amplitude is 
applied to the material. As a result, the deformation 
increases as damage progresses, leading to an in-
crease in the dissipated energy per applied cycle. 
Conversely, in the strain-controlled mode, a cyclic 
signal with a constant strain amplitude is applied. In 
this case, the stress magnitude within the material de-
creases with damage, resulting in a reduction of the 
dissipated energy in each applied cycle. Conse-
quently, strain-controlled tests yield longer fatigue 
lives (i.e., number of cycles to failure). 

Significant efforts have been made to unify these 
two methods, although no consensus has been 
reached on which one is more representative of the 
actual field conditions (Masad et al., 2008; Braham, 
2016). Some studies suggest that using fatigue strain-
controlled tests as an appropriate field representation 
for asphalt mixtures layers thinner than 5 cm, and 
stress-controlled tests for thicker layers (Cheng et al., 
2022).  

The selection of the fatigue mode is particularly 
important when assessing the self-healing capacity of 
asphalt mixtures with encapsulated rejuvenators. This 
technique consists of adding capsules that contain 
healing agents –typically oils– during the fabrication 
of the asphalt mixture. It is expected that high-stress 
concentrations during propagation of cracks could 
break or compress the capsules, causing the release of 
the agent and its diffusion in the aged binder sur-
rounding the cracks, thereby enhancing the natural 
self-sealing capacity of the binder (Gonzalez-Torre & 
Norambuena-Contreras, 2020).  

In this context, it can be hypothesized that fatigue 
testing under stress-controlled conditions might pro-
mote capsule activation due to the increased defor-
mation and dissipated energy per loading cycle within 
the asphalt material. This might explain why most ex-
isting studies used stress-controlled conditions to 
evaluate the self-healing capacity of asphalt materials 
(Xue et al., 2017; Zhang, 2020; Li et al., 2022; Wang 
et al., 2022). However, it is important to comprehend 
the efficiency of this technique under all possible 
field scenarios.  

It should be also noted that most studies have eval-
uated the healing capacity of mixtures with capsules 
under short-term aged or unaged conditions (Xue et 
al., 2017; Zhang, 2020; Yamaç et al., 2021; Yao & 
Xu, 2023), while fatigue cracking occurs in a later 
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stage of the service life of pavements, where the as-
phalt binder is severely aged. Under this state, the nat-
ural healing capacity of the binder and the impact of 
a rejuvenator agent to increase such capacity are more 
limited.  

The objective of this study is to evaluate the self-
healing capacity of long-term aged asphalt mortars, 
with and without capsules, under both fatigue evalu-
ation modes (i.e., strain– and stress–controlled), using 
resting periods of 3 hours at 22 and 45 °C. The results 
will permit a better characterization of the self-heal-
ing response of the material across a wide range of 
scenarios, contributing to identify the impact of stress 
and healing conditions to promote capsules’ activa-
tion and healing processes.  

2 MATERIALS AND METHODS 

2.1. Materials 
In this study, the asphalt mortar is defined as the com-
pacted mix of aggregates smaller than 1.18 mm (pass-
ing sieve No. 16) and the asphalt binder. The mortars 
used correspond to a dense-graded asphalt mixture 
with a nominal maximum aggregate size (NMAS) of 
12.5 mm and it follows the gradation in Table. The 
binder corresponds to an unmodified asphalt classi-
fied as Pen 60/70 (1/10mm), and the optimum binder 
content was 9.75% by total weight.  
 
Table 1. Gradation of the aggregates (less than 1.18mm)  

Sieve no. Sieve size (mm) % Passing 
No°16 1.18 100.0 
No°40 0.42 65.0 
No°80 0.17 41.7 
No°200 0.075 13.4 

 
The specimens were fabricated with an air void 

content, Va, of 10% ± 0.6%. This void content was 
selected based on previous studies on this material 
(e.g., Montañez et al., 2020). The selected morphol-
ogy of the capsules is polynuclear, with a biopolymer 
structure of calcium alginate and sunflower oil as 
healing agent. They are 1.5 mm of diameter and were 
added at a dosage of 0.5% by weight of the total ma-
terial, following the recommendations of previous 
studies (Norambuena-Contreras et al., 2019; Xu et al., 
2018).  

2.2. Fabrication of asphalt mortar specimens 
The aggregates were preheated at 160 °C for 8 hours 
and the asphalt binder for 10 min. The materials were 
mixed at this temperature.  In the case of the mortars 
with capsules, these were added at the final stage of 
mixing to ensure appropriate distribution and to pre-
vent oil release during the process (Norambuena-
Contreras et al., 2018; Kargari et al., 2022;). 

The resulting mixes were subjected to two aging 
conditions: (i) short-term aging (STA), where the ma-
terial was heated in an oven for 2 hours ± 5 minutes 
at 140°C (AASHTO R 30, 2019), and (ii) long-term 
aging (LTA), where the material was kept in the oven 
for 8 days at 95°C following the STA procedure (Kim 
et al., 2017). 

Then, a cylindrical metal mould was used to com-
pact each mortar individually. The compaction pro-
cess involved applying a constant pressure of 0.8 MPa 
using a pneumatic piston for 45 ± 5 minutes (Caro et 
al., 2015). This process was calibrated to ensure the 
final target air void content (Va). The resulting com-
pacted cylindrical mortar had an average diameter of 
14 mm and a height of 50 mm. Figure 1 illustrates the 
primary steps of the procedure for fabricating the 
specimens. 

 
Figure 1. Fabrication of asphalt mortars specimens: (a) mixing 
and aging processes, (b) compaction, (c) compacted specimen, 
and (d) replicates 

2.3. Methods and cases of study 
In this study, the procedure used to measure the self-
healing capacity of asphalt mortars is named fatigue-
healing-fatigue tests and they were performed using 
the solid geometry of a Discovery HR 30 rheometer. 
This experimental protocol consisted of an oscillatory 
fatigue test under: i) strain-controlled of 0.1% angular 
strain, and ii) stress-controlled at a torsion value of 
0.25 MPa. These loading conditions were selected af-
ter performing strain and stress sweep tests. All tests 
were performed at room temperature and using a 
loading frequency of 10 Hz. The parameter obtained 
during this phase was the initial dynamic shear mod-
ulus (|G*|initial). In each case, the test was stopped 
when the modulus decreased by 45% relative to its 
initial value (|G*|45%). Then, the specimen was left 
resting for 3 hours at an intermediate and a high tem-
perature of 22°C or 45°C, respectively. Three repli-
cates were tested per type of mortar and for each heal-
ing condition. 

After the resting period, a second fatigue stage was 
conducted, resuming the fatigue test for 30 additional 
minutes under the same testing (i.e., strain– or stress–
controlled) and temperature conditions as in the first 
stage. The parameter obtained during this second 
phase was the peak modulus upon resuming the test 
(|G*|healed). Based on this procedure, and following 

(c) Mortar sam-
ple 

Short (STA)  
and  

Long-term  
aging (LTA) 

(a) Mixing and aging  (b) Compaction pro-
cess 

(d) Specimens 
replicates 



existing approaches to compute the healing capacity 
of asphalt mixtures with these capsules (Li et al., 
2022; Sun et al., 2019; Wang et al., 2022), a Healing 
Index (HI) was computed to represent the relative re-
covery of the dynamic modulus after the resting pe-
riod, as follows: 

 

𝐻𝐼 =
|𝐺∗|ℎ𝑒𝑎𝑙𝑒𝑑−|𝐺

∗|45%

|𝐺∗|𝑖𝑛𝑖𝑡𝑖𝑎𝑙−|𝐺
∗|45%

                       (1) 

 
Figure 2 summarizes the experimental fatigue-

healing-fatigue test protocol and the respective pa-
rameters. This curve corresponds to a strain-con-
trolled fatigue test.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Experimental fatigue-healing-fatigue protocol. 

3 RESULTS AND DISCUSSION 

Figure 3 presents the results of HI for both types of 
tests. Error bars present ± one standard deviation. As 
expected, the mean values show a general increment 
in this index with the increase in resting temperatures 
from 22 to 45 °C for asphalt mortars with and without 
capsules. To better assess the significance of the dif-
ferences from the results obtained, One-way Analysis 
of Variance (ANOVA) tests among the healing in-
dexes for these mortar specimens were performed. 
All the statistical analyses in this study used a signif-
icance level (𝛼) of 0.05.  

Table 2 presents the results. Data in this table indi-
cate that there are no significant differences between 
HI in the mortars with and without capsules when us-
ing strain-controlled tests. This result suggests that 
the addition of capsules did not enhance the natural 
healing capacity of the asphalt binder under these spe-
cific testing and recovery conditions evaluated. As 
mentioned in the introduction, this could be associ-
ated with the fact that strain-controlled conditions are 
unfavourable for promoting the activation of the cap-
sules due to the reduction in the stress conditions 
within the specimen with the progression of the fa-
tigue test.  

 

 
Figure 3. Healing Index (HI) under strain and stress-controlled 
for the long-term aged asphalt mortars with and without capsules  
                        
Table 2. One-way ANOVA p-value results on HI under strain 
and stress-controlled. 

 Healing Index (HI) 
 Strain-controlled Stress-controlled 

Control vs. 
Capsules 

Statistically 
significant? p-value Statistically 

significant? p-value 

3 hours 22°C No 0.64 No 0.36 
3 hours 45°C No 0.90 Yes 0.01 

 
On the other hand, data in Table 2 show that cap-

sules enhanced the self-healing capacity of asphalt 
mortars only in the case of 3 hours and high tempera-
tures (45°C) under stress-controlled conditions. This 
test mode is more favourable to activate the capsules 
because the stress demands within the microstructure 
of the specimen increase over time. Under this sce-
nario, it is more likely that a crack path would inter-
sect a capsule or that capsules would be subjected to 
high compressive deformations, promoting the re-
lease of the healing agent. Also, at higher tempera-
tures, the release agent will diffuse faster into the aged 
asphalt binder, so that the rheological and self-healing 
properties of the rejuvenated binder in the crack zone 
will be enhanced.  
 It is noteworthy that, although no significant differ-
ences were found at intermediate temperatures under 
stress-controlled conditions, it is necessary to evalu-
ate recovery periods longer than 3 hours to determine 
the effectiveness of using capsules under this temper-
ature condition.  

Future work will focus on assessing the healing ca-
pacity of the material under a broader variety of test 
conditions (i.e., recovery times and temperatures).  
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4 CONCLUSIONS 

This study evaluated the self-healing capacity of 
long-term aged asphalt mortars with and without cap-
sules through a fatigue-healing-fatigue testing proto-
col under strain– and stress–controlled conditions.  

The resulting Healing Index shows that the mortars 
with capsules subjected to stress-controlled condi-
tions at high temperatures (45°C) enhanced the natu-
ral self-healing capacity of the binder. This is at-
tributed to the increased mechanical demands within 
the microstructure of the material under this testing 
mode. Results under strain-controlled conditions and 
stress-controlled at intermediate temperatures (22°C) 
showed no significant differences between mortars 
with and without capsules, suggesting that these con-
ditions were not sufficient to promote capsule activa-
tion. 
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4.1 
PAVEMENT SURFACE CHARACTERISTICS FOR SAFETY 



1 INTRODUCTION 

Road accidents are a global issue influenced by 
human, road-related, vehicle-related, and 
environmental factors. Addressing these factors  
effectively reduces accidents. Skid resistance is a 
critical pavement property that helps prevent 
accidents caused by tire sliding. It depends on two 
primary frictional forces: adhesion and hysteresis 
(Serigos et al. 2014). Adhesion arises from molecular 
interactions between the tire and pavement but is 
reduced by presence of water. Hysteresis results 
from the tire's deformation energy during contact the 
pavement. Both forces are affected by road texture, 
tire-pavement conditions, and speed. Pavement 
texture, comprises macrotexture (λ = 0.5–50 mm) 
and microtexture (λ < 0.5 mm), significantly impacts 
skid resistance (Chen et al. 2019). Macrotexture 
facilitates water drainage, reducing hydroplaning 
risks, while microtexture related to fine aggregate 
asperities and resistance to polishing (Ueckermann et 
al. 2015a).  
In this study, an accelerated wet abrasion polishing 
machine was used to simulate traffic-induced wear 
under wet and contaminated conditions. The ma-
chine, a modified version of the Wet Traction Abra-
sion Tests (WTAT) equipment, was adapted for 
studying the polishing of hot asphalt mixtures for 
wearing courses. Skid resistance was evaluated us-
ing the British Pendulum Number (BPN), and 
pavement texture was analyzed with a laser tex-
turometer (LTS) .Measurements were conducted 
during three wear stages : the initial state (with ma-
crotexture obscured by binder), an intermediated 

state (with significant microtexture wear and mini-
mal macrotexture change).  

2 MATERIALS 

2.1 Aggregates 
The aggregates used for the asphalt mixtures were 

porphyry (of magmatic origin) with a specific gravi-
ty of 2.80 g/cm3 (EN 1097-6), Los Angeles (LA) 
abrasion resistance of 15 % (EN-1097-2) and an Ac-
celerated Polishing Value (PSV) of 56 (EN-1097-8).  
The filler consists of calcium carbonate.  With these 
aggregates, the particle size distributions shown in 
Figure 1 have been obtained.  

Figure 1. Aggregate gradation curves are used for asphalt mix-
tures. 

2.2 Crumb rubbers and binder 
The crumb rubber (CR) used in this research had 

a maximum particle size of 0.6 mm by total weight 
of the mixture. In the three types of asphalt mixtures 
(AC,SMA and BBTM). Three rubber contents have 
been used: 0.0 % (reference), 0.75 % and 1.50% in 
relation to the total weight of the mixture.  
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The bituminous binder was 50/70 penetration 
grade bitumen with penetration of 63 dmm and sof-
tening point of 47.6°C (EN-1427). 

2.3 Experimental methodology 

The research was conducted in four phases, as 
shown in figure 2. 
-In phase 1, Asphalt mixture samples were fabricat-
ed  in the laboratory, consisting of AC,SMA and
BBTM with added CR contents of 0.0 %, 0.75 %
and 1.50 %. This resulted in nine distinct mixtures.
Table 1  outlines the mixtures of compositions and
manufacturing temperatures.
-Phase 2, Surfacing scanning, the pavement texture
was measured using a Laser Texture Scanner (LTS)
(figure 2 b), portable device capable of scanning the
surface along straight parallel lines with high preci-
sion (0.001mm).Each sample was scanned with
150lines of 101.6 mm and 0.00635 mm point spac-
ing.
-Phase 3 Data collection: Texture and skid resistance
measurements were performed at various wear stag-
es, starting from the initial state to the residual state.
-Phase 4 Analysis: A database was created contain-
ing wear stage , texture parameters and skid re-
sistance (BPN) for each sample. Predictive models
of skid resistance were developed using mixture
type, CR content, and texture variable as explanatory
factors.

Figure 2. Caption of a typical figure. Photographs will be 
scanned by the printer. Always supply original photographs. 

Table 1.  Margin settings for A4 size paper and letter size pa-
per. 

Mixtures CR (%) Gmm (g/cm )3 Gmb (g/cm )3 Va (%) 

AC16S 
0.00 2.540 2.406 5.27 
0.75 2.487 2.357 5.23 
1.50 2.479 2.310 6.83 

SMA 11 
0.00 2.517 2.349 6.66 
0.75 2.483 2.316 6.73 
1.50 2.445 2.280 6.75 

BBTM 
11B 

0.00 2.643 2.148 18.72 
0.75 2.634 2.140 18.76 
1.50 2.632 2.135 18.87 

2.4 Surface Scanning 

The texture is obtained using the Laser Texture 
Scanner (LTS) produced by AMES (Figure 4a,b), 
which is a lightweight, portable device that scans the 
pavement surface using a laser sensor that moves 
along straight parallel lines. Each line can have a  

2.5 Accelerated wear test equipment 

The WTAT test originally consists of applying an 
abrasive wear process to the surface of in cold as-
phalt slurries samples by means of a rubber cylinder 
rotating at a speed of 150 revolutions per minute 
while rubbing the sample with a contact pressure of 
approximately 2.533 MPa EN 12274-5:2003. The test 
provides as a result the percentage loss in mass of 
the sample for different time intervals or wear cycles 
previously established. 

Table 2  Abrasive material dosage and wear time 

ABRASIVE -- RUBBER 
COARSE 
GRIND-
ER 

FINE GRINDER RUBBER 

STAGE I II III IV V 

WEAR SET 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

TIME (min) 0 .5 1 2 3 4 5 6 10 10 10 10 10 10 10 10 10 
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Figure 3 illustrates the hypothesis assumed that 
the contact zone on the macro texture. To overcome 
this drawback the discrete wavelet transform is used 
(Li et al. 2021). 

Figure 3. Profile microtexture and macrotexture 

3 RESULT AND ANALYSIS 

3.1 Texture characterization 

Texture signals were decomposed into five octave 
bands, representing microtexture components (wave-
lengths 0.0127-0.05 mm) and an approximation lev-
el representing macrotexture (wavelengths 0.5 mm) 
(Sengoz et al. 2012) .The roughness average (Ra) quan-
tified the mean absolute deviation of the microtex-



ture and macro texture profile, respectively , as 
shown in  Equation 1. 

 
 

                                                          (1) 
 

Where : : represents the height of the profile con-
sidered (microtexture or macrotexture) measured at 
point  in mm. N: is the total number of measure-
ment points along the sample length. 

3.2 Experimental results  

 
The study produces 51 observations for each pa-

rameter: macrotexture (Rama), microtexture rough-
ness (Rami) BPN and CR content 0, 0.75, and 
1.50%. Tables 3, 4 and 5 present average results of  
Rama, Rami and BPN for each mixture. 

 
 
  
 
 
 
 
 

 
 

Figure 4. Evolution of the friction measurement BPN   
 
Table 2.  Results of the surface properties of the AC 16 S mix-
tures 
  

AC BBTM SMA 
Mean BPN 57 60 60 
Rami 0.014 0.0152 0.013 
RMSmi 0.018 0.0197 0.016 
MPDmi 0.039 0.0419 0.035 
Rskmi 0.031 0.0339 0.03 
Rkumi 2.996 3.09 2.96 
Rama 0.412 0.6964 0.73 
RMSma 0.579 0.906 0.79 
Rskma -1.598 -1.3041 -1.298 
Rkuma 5.609 4.6711 4.663 
MPDma 0.648 1.1261 0.965 
  

3.3 Prediction models 

Table 5 summarizes the predictive models for 
BPN, showing their goodness of fit (R2 and R2_ adj). 

For AC mixtures, the best-performing model 
(R2=0.90) included only texture parameters (Rami , 
Rama) as the CR content was found to be non-
significant. In contrast, significantly  influenced 
BPN in SMA rsely, in the case of SMA and BBTM 
mixtures, all three variables, Rama, Rami, and CR 

content, were determined to have a significant im-
pact on BPN. Consequently, models with R2 values 
of 0.82 and 0.95 were obtained for SMA and BBTM 
mixtures, respectively. 

 
Table 3.  correlation coefficients R2 and adjusted R2 for AC, 
SMA and BBTM asphalt mixtures. 

AC SMA BBTM 
Model R

2 
R

2adj 

Model R
2 

R
2adj 

Model R
2 

R
2adj 

Rama 0.76 0.75 Rama 0.30 0.29 Rama 0.51 0.50 
Rama,CR* 0.77 0.76 Rama, CR 0.56 0.55 Rama, CR 0.76 0.75 
Rami 0.84 0.84 Rami 0.64 0.64 Rami 0.91 0.91 
Rami, CR 0.86 0.86 Rami, CR 0.78 0.77 Rami, CR 0.92 0.92 
Rama, Rami 0.90 0.90 Rama, Rami 0.65 0.63 Rama*,Rami 0.92 0.91 
Rama,Rami,CR* 0.91 0.90 Rama,Rami, 

CR 
0.82 0.81 Rama,Rami, 

CR 
0.95 0.94 

 
For AC mixtures, the best-performing model 

(R2=0.90) considered only the surface texture pa-
rameters, Rama and Rami, as the CR content was 
found to be non-significant. Conversely, in the case 
of SMA and BBTM mixtures, all three variables, 
Rama, Rami, and CR content, were determined to 
have a significant impact on BPN. Consequently, 
models with R2 values of 0.82 and 0.95 were ob-
tained for SMA and BBTM mixtures, respectively. 

 
Table 1. Estimates of the BPN model for the AC mixture 
 
Variable Unstandardized β Std. Error Standardized β t p-value 
Constant 9.235 2.562  3.605 <0.001 
Rami 1899.789 228.851 0.603 8.301 <0.001 
Rama 54.348 9.847 0.401 5.519 <0.001 
R2 0.901     
R2adj 0.897     

 
                         (3) 

 
Table 2. Estimates of the BPN model for the SMA mixture 
 
Variable Unstandardized β Std. Error Standardized β t p-value 
Constant -91.573 13.586  -6.740 <0.001 
CR 10.938 1.611 0.595 6.790 <0.001 
Rami 6547.885 792.930 0.761 8.258 <0.001 
Rama 81.599 23.355 0.407 3.494 0.001 
R2 0.822     
R2adj 0.811     

                    
 

(4) 

Table 3. Estimates of the BPN model for the BBTM mixture 
 
Variable Unstandardized β Std. Error Standardized β t p-value 
Constant -194.201 41.840  -4.641 <0.001 
CR 4.787 0.906 0.264 5.282 <0.001 
Rami 2926.585 226.568 0.747 12.917 <0.001 
Rama 296.675 63.277 0.333 4.689 <0.001 
R2 0.947     
R2adj 0.943     

 
 

(5) 

 
All the coefficient obtained in the models (Equations 
3, 4 and 5) had positive signs, indicating that the 
Rami, Rama and CR content tend to increase the 
BPN value. To evaluate the sensitivity of the BPN 
value to changes in the explanatory variables within 
the observed intervals and to compare these sensitiv-



ities the values of the standardized beta coefficients 
(Table 7, 8, and 9) were analyzed. As expected, an 
increase in the aggregate asperity (Rami) of the as-
phalt mixture results in an increase in the BPN val-
ue. 
Figure 13 confirms that BBTM mixtures exhibit a 
better slope in the model compared to SMA and AC. 
To demonstrate the predictive capability of the mul-
tivariate linear regression model, a validation pro-
cess is conducted by comparing the data predicted 
by the model-predicted data with the laboratory-
measured data. After fitting a linear model to the da-
ta for each type, the mixture type, the prediction er-
rors, calculated as root mean square errors (RMSE) 
were as follows : 2.54% for AC mixtures, 4.94%  for 
SMA mixtures, and 2.67% for BBTM mixtures. This 
indicates that, on average, the model predictions 
have an error of approximately less than 5 units 
compared to the actual average BPN values. A 
commonly accepted criterion for a good model fit 
based fit is that the RMSE should not exceed 10% 
(Karunasingha 2022). Therefore, the model fit can be 
considered acceptable. The model demonstrated a 
linear fit with robust coefficient for AC mixtures (R2 
= 0.91) and BBTM mixtures (R2 = 0.950). SMA 
mixtures, while showing a slight lower correlation 
coefficient R2 = 0.82), still display a significant cor-
relation. This result indicated a strong relationship 
between the measurement variables. strong relation-
ship between the variable measurements. The grey 
line in the graph represents the 45-degree line, and 
the model’s accuracy improves as the data point ap-
proaches this line. In this case, the models showed a 
strong fit.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Comparison between Predicted BPN and measured 
BPN  

4 CONCLUSIONS 

This study aims to develop models for predicting the 
skid resistance of asphalt mixtures based on micro-
texture, macrotexture, and crumb rubber (CR) con-
tent. The main findings are as follows: 

• Skid resistance, measured by the British 
Pendulum Test (BPN), can be effectively 
predicted through models that incorporate 
microtexture, macrotexture (quantified by 
roughness average), and CR content. 

• For all mixtures studied (Dense AC16S, 
SMA 11, and BBTM 11 B), microtexture and 
macrotexture contribute to skid resistance. 
CR content influences skid resistance in 
SMA 11 and BBTM 11 B but not in AC mix-
tures. 

• The models, developed using data from vari-
ous wear stages in the laboratory, may re-
main valid throughout the pavement's service 
life. 
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1 INTRODUCTION 

1.1 Surface friction 
Surface friction is one of the most important pa-
rameters of pavement affecting runway safety. The 
friction between a tire and a pavement directly af-
fects the braking performance and maneuverability 
of aircraft. The coefficient of friction is a complex 
value that mostly depends on the hysteresis and ad-
hesion effect between two surfaces. Adhesion, how-
ever, has a smaller influence on the friction due to 
the presence of moisture, dust, and other contami-
nants. Hysteresis effect, due to its nature, mostly de-
pends on surface texture (Ueckerman et al., 2015). 
Additionally, surface texture lowers the risk of con-
tact loss (hydroplaning) by providing contact patch 
drainage and reducing the water film thickness on a 
pavement surface (White, 2024). 

Surface friction is generally measured by contin-
uous friction measuring equipment (CFME) (AAA, 
2017). However, due to the complexity of the fric-
tion phenomena, direct friction measurements by im-
itating the contact between a tire and a surface usual-
ly have low accuracy and repeatability. Changes in 
humidity, surface temperature, wear of the sliders 
and tires of the CFME, and the influence of speed 
make the reliability of the friction measurements 
poor, which could lead to serious friction-related ac-
cidents (Dardano & Wickham, 2005). Consequently, 
one of the ways to improve the friction management 
of runways is to add microtexture measurement to 
the tools for conducting friction surveys on runway 
pavement surfaces. 

1.2 Surface texture and friction 
Surface texture is a set of surface irregularities. Tex-
ture is usually divided into four classes depending 
on the wavelength; microtexture (up to 0.5 mm), 
macrotexture (0.5 to 50 mm), megatexture (50 mm 
to 500 mm), and unevenness (greater than 500 mm). 
However, only macrotexture and microtexture are 
important for the braking performance and maneu-
verability of aircraft. Megatexture and unevenness 
are usually eliminated due to noise and vibration 
during aircraft movement (Chen et al., 2022). 

Microtexture and macrotexture affect the friction 
differently at different speed. At high speed, dynam-
ic hydroplaning is the main reason for friction loss, 
with increased macrotexture lowering the risk by 
improving water drainage. Microtexture, on the oth-
er hand, provides good friction at lower speed, by 
reducing the thickness of the water film and increas-
ing the hysteresis effect (Xiao et al., 2024). 

There are a number of studies, with theoretical 
and empirical models being used, for the friction 
prediction based on a surface texture (Li et al., 
2020). Some of the studies use artificial neural net-
works to predict surface friction with high accuracy 
(Yang et al., 2018). Some of the models were used 
during the development of the International Friction 
Index system (Wambold et al., 1995). 

1.3 Surface texture measurements 
Macrotexture measurements are usually simple due 
to the larger size of the surface irregularities. Differ-
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ABSTRACT: Surface friction is one of the most important aspects of safety for runway pavements. Conse-
quently, accurate friction assessment can inform safe aircraft operations. One of the ways to increase the ac-
curacy of friction assessment is to use texture tests. The aim of this study is to develop and verify a simple 
profilometer and profile picture processing algorithm for microtexture assessment. Such parameters as smoth-
ering coefficient and angle between laser, camera and surface were optimized. Laser profilometer testing re-
sults correlate well with the stylus-based roughness tester (R2 = 0.99). The proposed assessment technique can 
be used for the microtexture assessment during runway friction surveys. 



ent methods are standard for the macrotexture meas-
urements, such as profilometry and volumetric 
methods, which are widely used in engineering prac-
tice (White et al., 2021). Microtexture testing, how-
ever, is more challenging, and in current practice, 
there is no widely accepted method of microtexture 
assessment. 

In research practice, different methods of micro-
texture assessment can be used, which can be divid-
ed into contact and non-contact methods. Contact 
methods include such methods as the mechanical 
stylus test and different wear tests. Non-contact 
methods are used more often and include laser pro-
filometry, image texture analysis, stereoscopy, com-
puted tomography scanning, 3D scanning, and sim-
pler microscopy assessment methods, such as the 
straightedge shadow method (Chen et al., 2022). 

The most precise and simple method is laser pro-
filometry, which is based on the geometrical meas-
urement of a projection of the laser beam on a sur-
face (Martín-Béjar et al., 2023). However, there is 
no standard laser profilometer equipment for pave-
ment testing. Suitable models are usually expensive, 
which makes it impossible to use them for pavement 
microtexture assessment. 

The aim of this study is to introduce the design of 
a cheap and simple laser profilometer for pavement 
testing, including a profile picture analysis algo-
rithm, and to verify it. 

 
2 MATERIALS AND METHODS 

2.1 Testing surfaces 
To avoid the macrotexture influence, the verification 
was performed using plain surfaces with different 
textures, which include polished metal plates, sand-
paper, and a mill file. A total of eight tests were per-
formed by assessing an average roughness (Ra) of 
the surface, which can be found as an average devia-
tion of the profile point coordinate. 

2.2 Profilometer verification 
Reference surface texture measurements were per-
formed using the Intra Touch roughness tester with 
4 nm vertical and 0.5 µm horizontal resolution. This 
roughness tester is based on the stylus test and pro-
vides a precise microtexture measurement. However, 
the vertical range of that tester allows use only with 
plain surfaces. 

2.3 Laser profilometer 
A laser profilometer was designed using widely ac-
cessible and economically available components 
(Fig. 1). The total price of profilometer components, 
excluding the price of the mount, which is made of 
3 mm metal sheet, was equal to 36 AUD (24 USD). 

The resolution of the camera was equal to 
6.09 µm. Vertical resolution can vary by changing 
the angle between the camera and a laser. The pro-

filometer mount allows a change in the angle be-
tween the laser, camera and surface. The resulting 
profile is registered as a picture, allowing analysis in 
the VBA application for Excel. 

 

 
Figure 1. Laser profilometer model 

 
3 RESULTS AND DISCUSSION 

3.1 Profilometer design 
A laser profilometer consists of two main parts; a 
camera or sensor, and a laser. Depending on the con-
struction of a profilometer, a laser requires a set of 
lenses to project the laser line on a surface. The pro-
filometer scheme is shown in Figure 2. 
 

 
Figure 2. Laser profilometer scheme 
 

The relative height of the profile point on surface 
and, on registered profile in Figure 2, are related via 
the Equation (1):  

 
h = h’× sin β / sin (180- α - β)       (1) 
 
where h is a real height of the point on a profile, 

h’ is a height of the point on a registered profile, α is 
an angle between camera and surface, and β is an 
angle between laser and surface. 

In most of the commercial laser profilometers 
used for materials testing, the β angle is equal to 90° 
(Mitaľ et al., 2019). The reason for that is a distor-
tion of a profile line if that angle is less than 90° 
(Fig. 3). However, as seen in Equation 1, that reduc-



es the vertical resolution of a profilometer. For the 
purpose of pavement surface analysis, the straight-
ness of the profile is inconsequential because the 
pavement surface is usually irregular anyway, so the 
slope angle change in not as important, since the 
height difference is still accurate. 

 

 
Figure 3. Distortion of a profile line 
 

Lowering the angle increases the vertical resolu-
tion of a profilometer until the asperity slope and 
bottom cannot be reached by the camera and laser. 
In the case of a cone-shaped asperity (Fig. 4), the 
asperity wall and bottom can be seen on a profile on-
ly if both the camera (α) and laser (β) angles are 
greater than the angle of an asperity slope (γ). 
Overwise, the profile picture will contain discontinu-
ities, which will add a significant error to the read-
ings. Due to that reason, it is important to be able to 
change the angle to control the accuracy of the pro-
filometer in a stage of profilometer verification. 

 

 
Figure 4. Distortion of a profile line 

 

3.2 Processing algorithm 
For this study, a data processing algorithm was also 
designed. It consisted of the following steps; profile 
registration, fine smothering, macrotexture filtration, 
texture parameter calculation. 

The profile photo first needs to be processed to 
obtain a texture profile. First, pixel brightness is cal-
culated as well as the profile line brightness thresh-
old. After that, points on a profile were calculated by 
finding the centre of brightness of each column of 
pixels. A registered profile then needs to be smoth-
ered to remove any errors. After that, a macrotexture 

filtration needs to be performed. During that step, 
profile leveling was also obtained. Macrotexture fil-
tration was not done during the verification of a pro-
filometer since the data from the roughness tester 
was not filtrated. However, the same algorithm was 
used for profile leveling by increasing the approxi-
mation range. An example of a processed profile is 
shown in Figure 5. S’ and S are fine smothering and 
filtration coefficients. 

 

 
Figure 5. Processing of the photo of a profile (concrete texture) 
 

For the fine smothering and filtration, an algo-
rithm based on linear approximation, based on the 
method of least squares, was used. This algorithm 
approximates the line for each point based on the S-
points before and after the point. Accordingly, the 
smothering coefficient is named S', and the filtration 
coefficient is named S. The part of that line becomes 
the profile after smothering or a macrotexture profile 
line near the point. Microtexture was calculated as a 
distance between a point and the approximated line. 
The advantages of this linear approximation are 
simplicity and efficiency. 

Conventional filtration algorithms, based on the 
Fourier transformation, the Butterworth filter, the 
Gaussian smoothing filter, or other frequency-based 
algorithms, calculate the microtexture as a height 
difference between a point and a macrotexture, 
which leads to an error (Edjeou et al., 2020). Algo-
rithms based on the polynomial approximation can 
lead to "overfitting,” and they usually do not consid-
er curved surfaces to be part of a microtexture, 
which is inappropriate for friction assessments be-
cause the overall grip is better on those surfaces. 
Plain surfaces, on the other hand, have the worst 
grip, and a polynomial approximation does not fit 
well to a straight line. 

3.3 Laser profilometer verification 
The laser profilometer verification was performed 
with different angles between the camera, laser, and 
a surface. The angle optimization was performed 
with the optimization of S’ coefficient. The results of 
the optimization are presented in Table 1. In all sets 
of tests, the R2 value between the roughness tester 
and laser profilometer results was calculated. 



Table 1.  Sets of tests for profilometer verification 
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As shown in Table 1, the optimal angle between 

the surface and both the laser and camera is equal to 
60°. Although the lower angle increases the resolu-
tion of the profilometer, the profile discontinuities 
lower the total accuracy. It can be seen that profile 
distortion with the change of an angle between laser 
and surface does not affect the accuracy that much 
compared to the reduction of vertical resolution. 

As shown in Figure 6, where the results of the 
fourth set of tests are presented, the designed laser 
profilometer model's vertical resolution is much 
lower than the vertical resolution of the roughness 
tester, which leads to an error in the case of polished 
metal plates. However, proportionality of the results 
for polished metal plate was still obtained. 

 

 
Figure 6. Profilometer verification results 

 
4 CONCLUSION 
The profile image assessment methodology present-
ed in this paper can be used for the microtexture as-
sessment. The smothering algorithm based on the 
linear approximation is simple and more suitable for 
friction assessment. Laser profilometry testing 
equipment for friction assessment can be cheap and 
reliable since friction assessment requires an analy-
sis of texture wavelengths up to 0.5 mm. The laser 
profilometer model presented in this study is de-
signed using cheap and common components and 
has a maximum vertical and horizontal resolution 
equal to 6 μm. Obtained results were verified with 
the stylus-based roughness tester; the R2 coefficient 
is equal to 0.99. 
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ABSTRACT: Transportation Safety continues to evolve as a significant area of interest and concern. As a 
result, evaluation of safety from pavement surface characteristics is also attracting more interest recently. 
Historically, pavement safety assessments have focused on friction assessments.  Curiously, common 
technology for conducting such assessments has not changed much in the past half century.  With significant 
changes in automotive braking systems, exploration of alternative methodologies for pavement surface 
assessment are gaining interest. Not surprisingly, current methodologies continue to involve test tyres 
assessing frictional resistance.  Interest has always existed in exploring the relationship between texture and 
friction, in part, because texture can be assessed with non-contact technologies.  Unfortunately, neither 
friction nor texture were previously collected with sufficient density and precision to establish any meaningful 
relationships. With the availability of these more comprehensive assessments, more detailed investigations 
are now more feasible. 

1. INTRODUCTION  

Low friction surfaces are rarely the sole cause of 
crashes, which typically involve multiple 
contributing factors. While friction can play a role, 
understanding pavement safety requires 
considering parameters such as traffic load, surface 
wear, and water dispersion. Areas with inherently 
low or irregular friction may result from design, 
materials, or wear over time, varying significantly 
across locations. Continuous, network-wide 
assessments are essential for identifying high-risk 
areas, determining intervention levels, and taking 
proactive action. As technology advances, 
authorities face challenges in effectively 
implementing data to identify segments needing 
treatment.  

2. TECHNICAL APPROACH  

The testing methodology for a locked-wheel skid 
tester (LWST) device requires the test wheel to be 
progressively braked over a time up to the fully 
locked state, before releasing again ready for the 
next test. The full lock/release requirement means 
that measurements can only be recorded 
periodically over short intervals of time typically 
resulting in less the 2% of the pavement surface 
being tested intermittently, and often without 
repeatability. With the difficulty of aligning of spot 
tests within short curves and intersections, it is 
common that these areas of high friction demand 
are not tested. 
 
In comparison, a sideway force coefficient device 
(SFC) measures 100% of the surface, continuously, 
with reporting intervals as granular as 0.1m. 
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Continuous sampling is particularly important on 
those discrete localised sections within a network 
that have high demand for friction, such as curves 
and intersections. These areas typically have the 
highest levels of aggregate polishing and surface 
wear due to action of traffic manoeuvres in these 
high-risk locations, and ironically are where high 
friction is needed the most. 
 
To provide a complete picture of road safety, with 
all the data needed for comprehensive friction and 
safety evaluations, continuous friction needs to be 
collected simultaneously with macrotexture from 
surface texture (Mean Profile Depth, MPD) data, as 
well as rutting and geometry data for potential 
water ponding, rainfall surface flow determination, 
and digital imagery for visual road safety risk 
assessments. 
 
2.1 Continuous Friction Sideway Force Coefficient 

Concept 
A SFC device measures the traction availability of 
the road surface. These measurements can be made 
of a road network in both wheel paths (Figure 2.1) 
continuously, capable of collecting far more data 
than traditional locked wheel or other small trailer 
based continuous friction measuring equipment 
(CFME). Sideway Force Coefficient (SFC) 
measurement devices use an instrumented 
measuring wheel angled to the line of the chassis in 
the wheel path. The test tyre is freely rotating with 
no restriction, however as it is set at an angle the 
tyre is compelled to slip over the pavement surface 
as the vehicle moves forward. The sideway slip 
resistive force can then be measured through the 
wheel axle via a load cell. The measurements are 
continuous while the vehicle is moving, as side slip 
friction resistive forces are always being generated 
by the forward motion.  The angle of the wheel is 
chosen to be enough to generate this sideways force 
while unaffected by typical road curvature. To 
determine SFC the variables measured are the 
vertical downwards force on the test wheel - 
nominally 2.0kN - and the sideways (horizontal) 
force on the test wheel (Figure 1). 
 
The friction parameters derived from the 
measurements are: 

1.) Sideway-force coefficient (SFC) which is 
the ratio of the sideways force to the vertical 
force, and  

2.) Sideway-force ratio (SR) which is the SFC 
x 100 (effectively a %) 

 

 

 
 

2.2 Surface texture (macrotexture) 
Macrotexture of the pavement surface is collected 
using three non-contact 32 kHz lasers. The speed of 
the laser is sufficient that height measurements are 
made every 1 mm or less at speed of 100km/h.  The 
three texture lasers are situated in each wheel path 
at 950 mm as well as along the centre of the vehicle. 
for comparison purposes. 
 
2.3 Rut Measurement 
Laser Rut Measurement System (LRMS) are used 
to digitise transverse sections of the pavement.  
Transverse profile of the pavement is documented 
from 1280 points over a nominal 4-meter width. 
Custom optics and high-power pulsed laser line 
projectors allow the system to operate in full 
daylight or in night-time conditions. 
With a 150 Hz sampling rate, this equates to one 
transverse profile being recorded every mm of 
longitudinal travel per km/h of travel speed (i.e., 
every 100mm at 100km/h). It does this with a 
nominal transversal resolution of ±2 mm with a 
nominal depth accuracy ±1 mm.  
 
2.4 Spatial referencing 
2.4.1 Distance measurement 
Calibrated distance measuring devices provide 
linear referencing. Conducting appropriate 
calibrations prior to the commencement of each 
survey provides greater confidence in the 
positioning of the data and findings.  Having 
calibration routines within the acquisition software 
facilitate the calibration process.  

Figure 1: Sideways Force Coefficient concept (PD Sanders 
and C Browne,2020 
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2.4.2 Spatial Positioning System 
Global Navigation Satellite Systems (GNSS) and 
Inertial Navigation Systems (INS) provide sub-
metre spatial accuracy and precise road geometry 
data. This includes grade, crossfall (±15%), and 
horizontal/vertical curvature, sampled every 2 
meters and reportable at intervals of 10 meters or 
more. 
 
2.5 Imaging 
Digital imaging cameras capture high-quality, 
distortion-free images of pavement and road assets, 
with all cameras calibrated for precise linear and 
geospatial referencing. These systems ensure 
calibration accuracy through continuous alignment 
checks and are housed in the cab to prevent 
fogging. Images are tied to road location data 
(chainage) and GPS coordinates, allowing for 
accurate defect identification and asset mapping. 
Additionally, the captured images enable inventory 
data collection with unique GPS tagging, providing 
valuable information for future asset assessment or 
condition analysis, even if not immediately 
required. 
 
2.6 Synchronization of Data  
To ensure precise synchronisation of all collected 
data, all data streams and reference measurements 
are recorded from the same original source of 
odometer Distance Measurement Instrument 
(DMI) and GPS receiver (spatial coordinates) and 
are aligned through a high precision software 
module to synchronise output data at desired road 
location referencing intervals. Acquisition 
navigation functionality can deliver faster project 
completion times, accurate location referencing 
and reduced error through GIS based referencing, 
real-time survey route planning.  

3. CASES 

From experiences to date, several common 
scenarios are observed when gathering a more 
thorough set of safety parameters, continuously.  
The following representative cases depict how 
these scenarios practically impact strategic 
maintenance planning.  

 

For the purposes of this discussion, pavement 
sections are categorized into cases with conditions 
as follows: 

1.) Low friction and/or low texture, but all 
other metrics are within acceptable 
tolerances. 

2.) Low friction and/or low texture, with 
conditions that impact surface moisture (. 
i.e. transverse profile concerns, geometric 
transitions, abnormal precipitation). 

3.) Acceptable friction and/or texture but 
similar conditions that impact surface 
moisture. 

 
2.1 Case 1 
When conducting comprehensive safety 
assessments, it is possible to identify locations 
where the friction and/or texture is truly the only 
cause of concern.   

1.) Without comprehensive safety 
assessments, it is possible these cases 
may go undetected.   

2.) Without geometric concerns or the 
presence of moisture (from transverse 
profile issues or drainage concerns), such 
cases may not present the greatest of 
safety hazards.   

3.) With only friction testing, these cases 
may be planned for treatments that may 
not be entirely necessary. 

 
2.2 Case 2 
In instances where low friction and/or texture are 
present along with conditions that impact surface 
moisture. 

1.) Geometric concerns or the presence of 
moisture (from transverse profile issues 
or drainage concerns), typically 
necessitate more extensive remediation.   

2.) With only friction testing, these other 
concerns may go undetected. 

3.) Surface treatments may not necessarily 
address these cases, depending on the 
severity of the other concerns. 

4.) Comprehensive safety assessments help 
to establish if more than just surface 
treatments are needed to truly reduce the 
safety risk.   
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2.3 Case 3 
As most recognize, there are instances when 
acceptable friction and texture may be present, but 
other conditions may exist that impact safety.  

1.) Transverse profile (rutting) and/or other 
geometric issues that create issues with 
the presence of surface moisture can 
create significant safety hazards, 
regardless of other conditions. 

2.) Similarly, adverse geometrics (in 
horizontal or vertical curvature) can also 
present significant causes for concern. 

3.) Comprehensive safety assessments help 
to identify/confirm these occurrences and 
provide for appropriate remediation.  
 

 

 
Continuous data allows for more detailed project-
level assessments, enabling accurate identification 
and treatment of critical sections rather than relying 
on average conditions. This approach improves 
decision-making by leveraging network-level data 

to inform project-specific needs. However, 
inconsistencies in relationships between 
parameters like friction and macrotexture, as 
observed with line laser data, highlight the need for 
further research. These additional assessments are 
essential to enhance understanding of safety 
parameters and improve road safety outcomes. 

4. CONCLUSION 

Historically, assessing pavement conditions has 
been challenged by limitations in traditional 
methods, resulting in a gap between network 
assessments and the design of specific treatment 
applications. Common issues with traditional 
safety assessment approaches include insufficient 
sampling, an inability to assess multiple factors at 
once, difficulty in proactively identifying areas in 
need, and high costs. As a result, there is increasing 
interest in new methods that collect data on friction, 
texture, and other functional parameters 
continuously, leading to more comprehensive 
safety assessments and project-level applications. 
Though the full impact of these methods is still 
uncertain, many are optimistic about their potential. 
 
Most agencies are embracing network-level 
assessments and focusing on how to integrate this 
data into existing management systems. Project-
level treatment applications are still being 
developed, with data being used to identify specific 
road sections that require special attention, such as 
targeted surface repairs, geometric changes, or 
other safety measures. These comprehensive 
assessments can enhance the optimization and 
application of pavement funds. However, 
challenges remain, such as the inconsistency of 
relationships between friction and macrotexture, 
which suggests the need for further research. 
Continuing assessments are essential to deepen 
understanding of these parameters and improve the 
ability to create safer roads. 
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Figure 2: Low Friction, but other metrics provide greater 
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ABSTRACT: This paper summarizes the development of transition matrices to forecast road pavement condi-
tions. These conditions are commonly described via indices or measurements such as the International Rough-
ness Index (IRI), Rutting (RUT), Faulting (FLT) and Cracking (CRK). Transition matrices allow for a versatile 
approach to forecasting pavement conditions, because (1) they describe the deterioration of the pavements, and 
(2) they facilitate the evaluation of the expected effect of planned interventions. Consequently, this method may 
potentially be a valuable tool for decision making. 
 
 
OVERVIEW 
This paper describes the development of transition 
matrices for network-level modeling of road pave-
ment condition measurements. These matrices can be 
built from historical data on condition and mainte-
nance record for a group of road sections of interest. 
Transition matrices can be used to forecast condition 
measurements such as IRI, RUT, FLT, or CRK 
(known collectively as General Condition Ratings, 
GCRs) across the road network over time. Using tran-
sition matrices allows for projecting the percentages 
of pavement in good, fair, and poor condition across 
a network, accounting for both (1) natural deteriora-
tion and (2) the effects of planned interventions by a 
transportation agency. 

To generate these projections, a set of transition 
matrices for a given GCR are combined and weighted 
according to planned interventions (e.g., chip seals, 
cold mill & resurface, joint sealing, etc.). Projections 
are conducted starting from an initial condition, rep-
resenting the state of the network in a specific year. 

The input data for building the transition matrices 
should contain two types of information: 
 

- A detailed record of the maintenance (date and fix 
type) performed on the road sections, and 

- Measurements of the GCRs of the sections, ideally 
over an extensive range of conditions and along 
several years, for the same group of road sections. 

 

Only data from sections with a known mainte-
nance record should be used when building the tran-
sition matrices, because the GCR records are ex-
pected to reflect the impact of certain maintenance ac-
tivities. 

This study used data from 2,376 Flexible (FLX) 
and 783 Rigid (RIG) road sections collected between 
1998 and 2019 in Michigan, USA. Annually, a meas-
ured length of 2,000 to 5,000 miles was available for 
analysis. 

The process of building the transition matrices 
may be divided into three steps: 
 

- Step 1. Compile the maintenance record of the 
road sections. 

- Step 2. Compile the record of GCRs (i.e., IRI, RUT, 
FLT, CRK…) over time for the same road sections. 

- Step 3. Combine the information from the mainte-
nance and GCR records to build the transition ma-
trices. 

 

The output of this process is a set of transition ma-
trices for each GCR. Finally, the transition matrices, 
the planned improvements, and the “starting point” 
(network status on year 0 of the projection) are used 
as inputs to perform the projection. 

BUILDING THE TRANSITION MATRICES 
Step 1. Maintenance record  
The first step is to compile a detailed record of all in-
tervention (maintenance) activities performed over 
the life of each section. This record is essential be-
cause the transition matrices will later use this data to 
reflect two key aspects: (1) how the section deterio-
rates after various interventions and (2) the impact 
and effectiveness of those interventions. 

The maintenance record for the sections of interest 
was compiled from data provided by the Michigan 
Department of Transportation (MDOT). The data 



contains a list of the maintenance activities performed 
on the sections over the years, their BMP/EMP and 
job numbers, among other fields. All maintenance ac-
tivities are identified with a label. The labels were 
standardized and grouped into three fix categories: 
Capital Preventive Maintenance (CPM), Reconstruc-
tion (RCN), and Rehabilitation (RHB). A visualiza-
tion of the maintenance record for two road sections 
of flexible pavement is presented in Figure 1. 
 

 
Figure 1. Maintenance record of two sections, including Begin-
ning and Ending Mile Post (BMP/EMP). 

Step 2. GCR record 
The GCR records were built based on 0.1-mile meas-
urements across the pavement network. To create the 
GCR history for a specific section, the corresponding 
data was retrieved over multiple years using the sec-
tion's identification information (ID, beginning/end 
mileposts). Once the relevant data range is accessed, 
the GCR is characterized by its average value (ex-
cluding zeroes) and the extent of miles classified as 
Good, Fair, or Poor based on GCR-specific thresholds. 
This information is recorded in the section's GCR rec-
ord. Additional considerations about the GCR data 
are as follows: 
 

- The GCRs had a Left and Right wheel-path meas-
urement. IRI and RUT use the average of the 
Left/Right data. FLT uses only the Right-side data. 

- Entries with a negative average Left/Right GCR 
were not used. A few values were extremely high, 
likely due to issues during the measurement. Thus, 
the data above a maximum limit is "topped off." 

- The range of GCR values will be discretized into 
equally sized bins when building the matrices. 

 

The GCR record was compiled for all FLX and RIG 
sections. Figure 2 displays plots of IRI and RUT rec-
ords over time for one FLX section. 

Step 3. Building the transition matrices  
The maintenance and GCR records of the sections 
provide the necessary foundation for developing the 
transition matrices: 
 

- The GCR record for each section is divided into 
intervals, or pairs of consecutive data points. Each 

interval is composed of a "present" (earlier) value 
and a "future" (later) value. 

- A matrix is two-dimensional, with one dimension 
corresponding to present values and the other to 
future values. 

- Both dimensions of the matrix are segmented into 
bins, which discretize the range of possible GCR 
values. 

 

To populate a precursor matrix for a specific GCR, 
all GCR records of the sections are processed to iden-
tify the present and future bins for each data interval. 
Each interval is then added to the precursor matrix by 
accumulating the section length. As a result, the pre-
cursor matrix represents miles of road that have tran-
sitioned between GCR values. The precursor matrix 
is normalized across the rows to convert it into a tran-
sition matrix. Each row in the transition matrix lists 
the probabilities of a set of miles with a representative 
present GCR value (bin) of transitioning to a future 
GCR value (bin). 

Two types of transition matrices were prepared: 
 

- Deterioration matrices contain the intervals that 
describe the deterioration of the sections. Since the 
rate of deterioration may differ after a CPM, RCN, 
or RHB intervention, three separate deterioration 
matrices are created. 

- Improvement matrices contain the intervals where 
maintenance activities took place. For instance, an 
interval associated with the reconstruction of a 
section is added to a RCN-specific improvement 
matrix. Given the three types of maintenance 
(CPM, RCN, and RHB), there are three corre-
sponding improvement matrices as well. 

 

 
Figure 2. GCR records for a FLX section: (a) IRI, and (b) RUT. 
Maintenance record for this section: crack treatment (2002), 
overband crack fill (2005), HMA reconstruction (2012). 
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By associating each interval of the GCR record 
with the interventions occurring simultaneously, it 
can be ensured that each interval is added to the ap-
propriate matrix. This approach results in six matrices 
per GCR, separately capturing (a) the deterioration of 
the GCR following each type of intervention and (b) 
the immediate impact of each intervention on the 
GCR. Once built, the transition matrices can be used 
to project the evolution of a given GCR at the network 
level under normal environment deterioration and 
planned improvements. 

A full set of transition matrices for one GCR (RUT) 
is presented in the lower part of Figure 3. Some dif-
ferences can be observed between deterioration and 
improvement matrices. Deterioration matrices have 
higher probabilities along their diagonals, indicating 
that present data generally remains similar or changes 
only slightly over time. In contrast, improvement ma-
trices have higher probabilities in the left-most col-
umns, signifying that regardless of the present value, 
future values are more likely to shift toward a fixed, 
improved range. This behavior aligns with the ex-
pected effect of an intervention, which is to restore 
the GCRs to a "Good" range. 

Special considerations at this point include: 
 

- The matrices are assigned a weighted interval 
length based on the number of 1-yr and 2-yr-wide 
intervals added. Intervals with gaps of 3 years or 
longer are excluded. 

- So-called 'prior' matrices are smooth, "ideal" ver-
sions of the transition matrices used to compensate 
for lack of data in some rows or outlier data points. 
A prior matrix is constructed row by row, fitting 
the rows with the most miles to a Weibull proba-
bility distribution to determine its parameters A 
and B: 

 

𝑓(𝑥; 𝐴, 𝐵) =
𝐵

𝐴
(
𝑥

𝐴
)
𝐵−1

𝑒−(
𝑥
𝐴
)
𝐵

 (1) 

 

where f is the Weibull probability density function, 
x is the variable, and A and B are constants (scale 
and shape parameter, greater than 0). 

- These parameters are then used for interpolating or 
extrapolating A and B values for rows with fewer 
miles. The definitive matrices used for projection 
are a weighted combination of the transition and 
prior matrices. 

USING TRANSITION MATRICES TO FORE-
CAST PAVEMENT CONDITIONS  
The process of projecting the GCRs integrates three 
key elements: transition matrices, planned interven-
tions, and a starting point. 

Transition matrices describe the probability of a 
set of miles in a present state (with GCR values within 
a specific range or bin) transitioning into a future state 

over a specified time step (i.e., years). Matrices can 
be of a deterioration or improvement type. 

Planned interventions are the network-wide 
CPM, RCN, and RHB maintenance activities planned 
by the transportation agency, expressed as percent-
ages of the network to be intervened. Table 1 presents 
the sample values that were used in this study. 
 

Table 1. Planned percentages of the network to be intervened 
with CPM, reconstruction (RCN), and rehabilitation (RHB). 

Year CPM [%] RCN [%] RHB [%] 

2023 3.62 0.65 1.74 
2024 2.78 0.45 0.56 
2025 3.58 1.00 0.88 
2026 3.09 0.34 0.20 
2027 3.30 0.31 0.6 
2028 3.14 0.29 0.52 
2029 3.72 0.22 0.50 
2030 2.94 0.31 0.93 

 

Starting points represent the current state of the 
network, indicating the number of miles within each 
GCR bin for a specific year. A historical record of bin 
miles can be compiled to facilitate projections begin-
ning from any chosen year. 

The projection for the next time step is obtained by 
multiplying the starting point (a vector of miles) by a 
combined transition matrix. This combined matrix is 
a weighted blend of the six transition matrices for the 
GCR: three deterioration matrices and three improve-
ment matrices. The weighting values are derived from 
the intervention percentages planned for the years 
within the current time step. The combined matrix is 
obtained as follows: 
 

- Weight the Improvement matrices using the 
planned intervention percentages for the years 
within the time step (noted 𝑃𝐶𝑃𝑀𝑖

, 𝑃𝑅𝐶𝑁𝑖  and 
𝑃𝑅𝐻𝐵𝑖). 

- Weight the Deterioration matrices. These weights 
account for the deterioration of the non-intervened 
fraction of the network (noted 𝑃𝐶𝑃𝑀0

, 𝑃𝑅𝐶𝑁0  and 
𝑃𝑅𝐻𝐵0). They were estimated from historical inter-
vention data, to reflect the most likely last inter-
vention for the non-intervened segments.  

- Build the combined matrix by weighting the pre-
vious two matrices with the total percent improved 
(PI) and the total percent deteriorated (PD). 

 

The following equation describes the calculation 
of the combined transition matrix: 
 

𝐶𝑇𝑀 =
𝑃𝐼 ⋅ (𝑃𝐶𝑃𝑀𝑖

⋅ 𝑰𝑪𝑷𝑴 + 𝑃𝑅𝐶𝑁𝑖 ⋅ 𝑰𝑹𝑪𝑵 + 𝑃𝑅𝐻𝐵𝑖 ⋅ 𝑰𝑹𝑯𝑩) +

𝑃𝐷 ⋅ (𝑃𝐶𝑃𝑀0
⋅ 𝑫𝑪𝑷𝑴 + 𝑃𝑅𝐶𝑁0 ⋅ 𝑫𝑹𝑪𝑵 + 𝑃𝑅𝐻𝐵0 ⋅ 𝑫𝑹𝑯𝑩)

 (2) 

 

where: 
 

CTM = Combined transition matrix 
PI = Total percent improved, 𝑃𝐶𝑃𝑀𝑖

+ 𝑃𝑅𝐶𝑁𝑖 + 𝑃𝑅𝐻𝐵𝑖 
PD = Total percent deteriorated, 100% - PI 



𝑃𝐶𝑃𝑀𝑖
 = Percent of CPM-improved miles in this time step 

𝑃𝑅𝐶𝑁𝑖 = Percent of RCN-improved miles in this time step 
𝑃𝑅𝐻𝐵𝑖 = Percent of RHB-improved miles in this time step 
𝐈𝐂𝐏𝐌 = Improvement transition matrix for CPM 
𝐈𝐑𝐂𝐍 = Improvement transition matrix for RCN 
𝐈𝐑𝐇𝐁 = Improvement transition matrix for RHB 
𝑃𝐶𝑃𝑀0

 = Percent of miles last intervened with CPM 
𝑃𝑅𝐶𝑁0 = Percent of miles last intervened with RCN 
𝑃𝑅𝐻𝐵0 = Percent of miles last intervened with RHB 
𝐃𝐂𝐏𝐌 = Deterioration transition matrix after CPM 
𝐃𝐑𝐂𝐍 = Deterioration transition matrix after RCN 
𝐃𝐑𝐇𝐁 = Deterioration transition matrix after RHB 

 

The projection process for a single step is summa-
rized visually in Figure 3. First, the starting point data, 
representing the bin miles for the starting year of the 
specific GCR, is retrieved and stored in a vector, 
referred to as A. Then, the combined transition matrix 
is obtained as previously described. Finally, the 
projection is completed by multiplying the miles-bin 
vector (A) by the combined matrix for the current 
time step. The result of this vector-matrix 
multiplication represents the projected distribution of 
miles across bins for the next time step. 

Projections are carried out stepwise, using the time 
step associated with the transition matrices, which 
may not always be an integer. The results are then in-
terpolated to represent whole years and presented an-
nually, in terms of percentages of Good/Fair/Poor 
miles. Projections were conducted separately for sets 
of miles exclusively FLX or RIG because the 

transition matrices were built based on separate 
FLX/RIG data; planned intervention percentages 
should be adjusted accordingly. Projections for IRI 
(FLX) are presented in Figure 4, forecasting three 
scenarios: no work (deterioration only), planned work, 
and double the planned work. 

CONCLUSION 
This paper described the development of transition 
matrices based on maintenance and GCR records of 
road sections. These matrices encapsulate and de-
scribe (1) deterioration trends, as well as (2) the ef-
fects of various improvements over the pavement 
condition measurements. Because of these features, 
they can prove useful to forecast scenarios and to as-
sess the potential network-level benefits of different 
intervention strategies. 

 
Figure 4. Projections for IRI (FLX). 
 

 
 

 
 
Figure 3. Simplified process of projection, one time step. Example for RUT. 
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1 INTRODUCTION AND LITERATURE 
REVIEW 

Skid resistance represents the ability of pavement 
surface to resist skidding or sliding of vehicles, 
which significantly contributes to road safety. Inad-
equate skid resistance will lead to higher road acci-
dents especially during rainy days. Wet pavement 
surface will cause loss of skid resistance, thus lead 
to longer braking distance (Jiang et al., 2024). 
Pavement engineers usually design the wearing 
course with appropriate microtexture and macrotex-
ture depth to satisfy the required skid resistance lev-
el. The Permanent International Association of Road 
Congress (PIARC) classified pavement microtexture 
and macrotexture by wavelengths of the deviations. 
Microtexture refers to the surface roughness of sin-
gle aggregate, with wavelengths ranging from 0 mm 
to 0.5 mm, which is typically affected by the miner-
alogical composition of aggregates. Macrotexture is 
typically formed by the shape and arrangement of 
aggregate particles, with wavelengths ranging from 
0.5 mm to 50 mm, which is dependent on the aggre-
gate gradation, maximum aggregate size, binder 
content and compaction effort (Kogbara et al., 
2016). 

Pavement surface characteristics can only be 
measured by the on-site tests instead of the laborato-
ry slabs or samples, due to different compaction 

methods accounting for large-scale on-site pavement 
and small samples in the lab. Laboratory measure-
ments usually give a lower value of macrotexture 
depth, which can’t be considered to evaluate pave-
ment macrotexture on the field. Therefore, pavement 
engineers need to do large field experiments of 
wearing course to test their functional characteristics 
before construction. However, traditional experi-
ments are quite time-consuming, labor-intensive and 
economically-cost. Moreover, there are also inevita-
ble errors in setting up experiments. Motivated by 
these challenges, this study aims to seek a numerical 
modelling to predict pavement macrotexture depth 
instead of field experiments.  

The existing empirical formula for predicting 
Mean Profile Depth (MPD) of asphalt pavement is 
primarily based on aggregate gradation, without suf-
ficiently accounting for other critical parameters of 
asphalt mixture. The aggregate gradation curve is 
widely modelled by two-parameter Weibull distribu-
tion: ( , , ) 1 exp[ ( / ) ^ ]F x k x k = − − , k and λ are 
known as shape and scale parameters of Weibull 
function, x is the sieve size [mm], F is the cumula-
tive passing rate of aggregates. Rezaei et al., (2011) 
proposed a method to predict MPD using the follow-
ing formula: 

21.8 3.041/ 0.382 /MPD k= − − , 
2 0.90R = . While this empirical formula brings a 

step forward, it still fails to incorporate adequate key 

Predicting Asphalt Pavement Macrotexture Depth in Discrete Element 
Method 
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ABSTRACT: Pavement macrotexture plays an important role in determining tire-pavement frictional charac-
teristics, which is critical for considering road safety from pavement functional use point of view. This study 
introduces a numerical modelling to simulate asphalt mixture based on Discrete Element Method (DEM), thus 
predicting surface macrotexture depth under various mix conditions. The proposed model incorporates com-
prehensive parameters of asphalt mixture, including aggregate gradation, percentage of bitumen, density of 
aggregates and bitumen, and air voids. Model validation was conducted using on-site measurements of Height 
of Sand (HS). The comparisons of macrotexture depth between on-site HS and numerical prediction out of the 
proposed model showcase the robustness and reliability of this approach. The findings highlight the model’s 
potential to analyze pavement macrotexture depth effectively, with enhanced precision over empirical formu-
la by integrating sufficient parameters of asphalt mixture.  



parameters of asphalt mixture, thereby limiting its 
precision and applicability.  

To overcome the limitations inherent in field ex-
periments and enhance the empirical formula for 
predicting MPD, this study introduces an innovative 
approach to simulate asphalt mixture in 2-
dimensinal Discrete Element Method (DEM) for 
predicting pavement macrotexture depth. The nu-
merical modelling will be conducted in PFC2D 7.00 
software. This approach currently incorporates the 
following: 1) aggregate gradation, 2) percentage of 
bitumen, 3) density of aggregates and bitumen, 4) air 
voids. Figure 1 illustrates the framework of this 
study. 
 
 
 
 
 
 
 
 
 

 

2 MODEL DEVELOPMENT 

Asphalt mixture consists of aggregates, bitumen and 
air voids. Depending on the functional and structural 
requirements of different road types, aggregate gra-
dation is adjusted to meet the various demands. Fig-
ure 2 illustrates the gradation curves adopted in Sec-
tion 4. The critical factors to simulate asphalt 
mixture in DEM are the volume percentages of each 
component as illustrated in Figure 3. The volume 
percentage of each fraction of aggregates and bitu-
men can be calculated in detail as the Equation 1-6. 
Owing to the limitations of software, the aggregates 
finer than 0.5 mm, bitumen and air voids will be col-
lectively transformed into porosity. The porosity di-
rectly governs the spatial distribution and density of 
aggregates, acting as a determining role in simulat-
ing asphalt mixture. In summary, the combined ef-
fects of aggregate gradation, percentage of bitumen, 
density of aggregates and bitumen govern the distri-
bution and arrangement of particles, which in turn 
have a fundamental impact on the macrotexture 
depth of the pavement. 

Density of aggregates: a ; Mass of aggregates: 
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Figure 1. Framework of this study. 

Figure 2. Illustration of aggregate gradation of AC 12.5.  

Figure 3. Illustration of volume fraction of asphalt mixture, 
consisting of aggregates, bitumen and air voids. 



At the first stage to generate model, the rectangu-
lar wall (100 mm ×40 mm) of the numerical speci-
men was established. Then the software would gen-
erate the balls according to the specified aggregate 
gradation, with the target porosity controlling the 
ball generation. The porosity could be derived ac-
cording to the previous equations.    

There are elastic, viscoelastic and viscous per-
formances in asphalt mixture under different cir-
cumstances of temperature and tire loads. Various 
contact models have been used in previous literature 
depending on the aim of applications. The linear 
elastic model is hereby adopted to characterize the 
contact between aggregate and aggregate. The 
Young’s modulus of aggregates in road pavements 
range typically from 40 to 80 GPa. For particle-
particle contacts in the PFC2D 7.00 software, an ef-
fective modulus of 55.5 GPa is selected, and the fric-
tion coefficient is set to 0.35. Additionally, the nor-
mal-to-shear stiffness ratio of aggregate particles is 
specified as 4. 

Once the numerical specimen with specified gra-
dation and target porosity is generated, the balls will 
be replaced by the irregular polygons, each having 
the same diameter as the corresponding ball. This 
procedure is crucial to better represent the irregular 
shape of real aggregate in asphalt mixture. Figure 4 
illustrates the crucial steps to generate numerical 
modelling of asphalt mixture in DEM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

3 MODEL VALIDATION 

The validity of the proposed approach for predicting 
macrotexture depth of a given asphalt pavement was 

evaluated by comparing its results with the on-site 
measurements of Height of Sand (HS). HS is ob-
tained by the volume of sand divided by the area of 
the sand, which is a conventional experiment used to 
measure the pavement macrotexture depth as shown 
in Figure 5b. To minimize the inevitable manual er-
rors, 5 measurements were conducted at each road 
site, and their average value was used as the repre-
sentative result. In the PFC2D 7.00 software, the 
numerical modelling can be exported as a .dxf file. 
The .dxf file subsequently can be converted into a 
.csv file to perform further data processing and anal-
ysis. The road profile is a series of vertical eleva-
tions along with the longitudinal axis of the road, as 
illustrated in Figure 5a. The profile data is captured 
with an incremental step of 0.1 mm in MATLAB 
software, starting from 0 mm to 100 mm. The Mean 
Texture Depth (MTD) of the numerical modelling is 
computed as the average vertical difference between 
the captured surface profile and the reference wall. 
After comparison, the proposed model in this study 
demonstrates a high degree of agreement with the 
filed test results, confirming its capability to reliably 
predict the macrotexture depth of asphalt pavements. 
These findings validate the proposed approach and 
highlight its potential for practical applications in 
pavement texture analysis. 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 

 
 
 
 

 

Figure 5. Illustration of model validation (a) extracting surface 
profile from numerical simulation of asphalt mixture in DEM; 
(b) on-site measurements of HS. 

Figure 4. Numerical modeling of asphalt mixture in DEM. (a) 
generating particles according to aggregate gradation and cal-
culated porosity; (b) replicating the balls into irregular shape 
subsequently. 



4 MODEL APPLICATION AND RESULT 
ANALYSIS  

One case study was conducted to set up the bounda-
ry conditions of one on-site road to simulate the pro-
posed numerical modelling in this study. The input 
parameters utilized in the simulation are outlined in 
Table 1. In order to minimize the inevitable errors of 
each individual measurement, 5 models were gener-
ated randomly to obtain the average value for pre-
dicting MTD, the results are listed in Table 2. Both 
the output from the empirical formula and the pro-
posed model in this study for predicting macrotex-
ture depth were compared with the on-site measure-
ments of HS. The comparisons indicate that the 
proposed model can improve the empirical formula 
to analyze macrotexture depth considering more in-
put parameters with a better accuracy as shown in 
Table 3.  
 
Table 1. Boundary conditions to simulate asphalt mixture 

Sieve size [mm] 
0.063 0.25 0.5 1 2 4 6.3 8 10 12.5 

Gradation [%] 
9 14 18 25 37 53 73 84 94 100 

B  [g/cm3]  1.03 

a  [g/cm3] 2.7 
   5.78 % 

VV   4 % 

/B TV V  12.63% 
1 /a TV V  7.50 % 
2 /a TV V  4.17 % 
3 /a TV V  3.33 % 

Porosity  31.63 % 
 
Table 2. Simulated results of MTD from the proposed model in 
this study  

MTD [mm] 
1st  2nd   3rd   4th   5th   Average  
0.85 0.76 0.76 0.76 0.79 0.78 
 
Table 3. Comparisons of macrotexture depth between on-site 
measurements and empirical formula; Comparisons of macro-
texture depth between on-site measurements and numerical 
modelling in DEM 
Measurements  
(HS) 

0.72 mm 

Empirical formula (Rezaei et al., 2011) 0.61 mm 
Difference between measurements and 
empirical prediction 

-15.3 % 

Prediction 
(DEM) 

0.78 mm 

Difference between measurements and 
numerical prediction in DEM 

8.3 % 

5 CONCLUSIONS  

This study investigates simulating asphalt mixture 
from a DEM perspective, aiming at predicting as-
phalt pavement macrotexture depth under various 
mix conditions. The proposed model considers vari-
ous mix parameters, including aggregate gradation, 
percentage of bitumen, density of aggregates and bi-
tumen, and air voids. The outcomes of this model 
highlight the following points: 

•  Detailed computations of volume percentage 
of bitumen and particle fraction to the total asphalt 
mixture. These calculations are derived using formu-
las based on critical parameters of asphalt mixture.  

•  An advanced numerical modelling for asphalt 
mixture in DEM, which takes into account the irreg-
ular shape of aggregates and the stochastic nature of 
particle distributions.   

•  Accurate predictions for asphalt pavement 
macrotexture depth considering a wider range of in-
put parameters than empirical formulas, exhibiting 
its potential for practical applications in pavement 
design.  
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1 INSTRUCTIONS

As the service life of roads increases, both skid
resistance and durability gradually decline (Huang
& Zheng 2019). The application of the wearing layer
technology in asphalt pavement significantly
enhances these properties and is therefore widely
adopted (Fwa 2021). The texture of the wearing
layer critically influences skid resistance, while its
skeletal characteristics determine durability (Liu et
al. 2024). Therefore, it is imperative to conduct
further studies on the texture and structural
composition of the wearing layer to optimize its
performance.

The skid resistance and durability of the wearing
layer have been studied from different perspectives.
For texture characteristics of the wearing layer, the
3D texture of the pavement is mainly obtained
through the high-resolution laser scanner (Liu et al.
2023a) and the digital image processing technology
(Ji et al. 2024). Liu et al. (2023a) collected fine-
grained texture data of over 800 pavement sections
with various anti-skidding abilities using laser
scanning technology and proposed an automated
pavement friction estimation model using deep
neural networks. Ding et al. (2021) achieved 3D
image reconstruction and segmentation of pavement
texture using digital image processing technology,

demonstrating that the effective texture depth for
road friction is 2 mm. For the skeleton structure of
the wearing layer, the skeleton mechanics analysis is
mainly evaluated by photoelastic experiment
(Taniguchi et al. 1996), discrete element method
(DEM) (Xue et al. 2024), finite element method
(FEM) (Pei et al. 2023), and coupled discrete
element finite element method (DEM-FEM) (Liu et
al. 2023b). Wang et al. (2023) evaluated the impact
of grain size composition on the mechanical
performance requirements for aggregate of each size
and investigated the mechanical properties of the
asphalt mixture. Liu et al. (2020) developed a 2D
DEM model of asphalt mixture by simplifying
aggregates into balls, defining the skeleton main
force chain, and comparing the force chain
characteristics of dense-suspended and dense-
skeleton types asphalt mixtures. Kumar et al. (2024)
analyzed the response of asphalt concrete pavement
under different conditions using FEM model. Ge et
al. (2023) analyzed the evolution of particle force
chain, displacement and velocity distributions, and
particle force characteristics within asphalt mixtures
using the DEM-FEM coupling algorithm.

However, there are still some limitations in the
current research on the texture and skeleton of the
wear layer. While significant work has been done on
the texture, there is a gap in understanding the
correlation between material composition and
pavement texture from a mechanical perspective,

Simulation of Pavement Texture and Skeleton Characteristics of the
Wearing Layer using Discrete Element Method

X.Y. Liu, S.Y. Cao, S.Y. Chen, S.Q. Wang, T. Ma, & X.M. Huang
School of Transportation, Southeast University, Nanjing 211189, China

ABSTRACT: To explore the texture and skeletal characteristics of the wearing layer, discrete element 3D
models of the wearing layer were established. The texture characteristics were analyzed by different texture
parameters, such as Estimate Mean Texture Depth (EMTD). The skeleton structure was analyzed based on
contact force analysis, average coordination, and normal contact force distribution. This study indicated that
the proportion of coarse and fine aggregates determines the texture and skeletal characteristics. The dense-
graded mixture has the smallest texture structure, while the EMTD of gap-graded and open-graded mixture
increased by 60% and 100% compared to dense-graded mixture respectively. EMTD decreases by
approximately 10-20% for each level of nominal maximum size of aggregates decrease. Mixtures with a
larger proportion of coarse and fine aggregates have better skeleton stability. Therefore, it is necessary to
further explore and consider design indicators related to the ratio of coarse and fine aggregates during the
design process.



hindering a comprehensive understanding of the
relationship between the mixture skeleton and
pavement texture. Additionally, simulating
aggregates as spherical particles oversimplifies the
mechanical behavior of the skeleton and does not
accurately reflect its true composition. The inherent
randomness and discreteness of the DEM align well
with texture simulation. Our research group has
developed a 2D DEM model for the wearing layer,
but notable differences exist between this model and
the actual layer. Therefore, investigating the
feasibility of a 3D DEM model for the wearing layer
is crucial for better analyzing skid resistance and
skeleton stability.

2 METHODOLOGY OF DEM SIMULATION

2.1 Gradation types and the 3D simulation method
To analyze the texture parameters and
corresponding skeleton state of different gradation
types of wearing layer, 3D DEM models were
established, including single size gradation, dense
gradation, gap gradation, and open grading. The
gradation details are shown in Figure 1. Among
them, single size gradation, AC-13, SMA-13, and
OGFC-13 were used to analyze the differences in
various graded mixture with the same Nominal
Maximum Size of Aggregates (NMSA). SMA-13,
SMA-10, SMA-8, and SMA-5 were used to analyze
the differences in the same gradation types with
different NMSA.

Figure 1. Gradation types: (a) Different skeleton types with
same NMSA; (b) Same skeleton types with different NMSA.

The modeling of the wearing layer is established
by DEM software. The modeling process mainly
includes aggregates reconstruction, aggregates
generation, and compaction process.

Accurate aggregate modeling is crucial for
analyzing texture characteristics in wearing layer
reconstruction. However, detailed modeling reduces
computational efficiency. Aggregates larger than
2.36 mm are classified as coarse aggregates,
providing support through interlocking, while

aggregates smaller than 2.36 mm are fine
aggregates, used for filling and compacting. Coarse
aggregates are modeled with pebbles, while fine
aggregates are represented by spheres to balance
model accuracy and computational efficiency. The
ratio is 0.2, and the distance is 110 during pebble
generation. To improve realism, 10 representative
coarse aggregates from the test were scanned to
obtain their morphology as a reference for pebble
reconstruction. During the aggregate generation
process, spheres of various sizes are randomly
placed in the mold based on gradation data. Small
spheres larger than 2.36 mm are replaced with
pebbles reconstructed from real aggregate scans.
The mold dimensions are 100 mm×100 mm×40 mm.

During SMA-13 construction, the compaction
process involved 2 initial passes, 4 recompaction
passes, and 2 final passes. For simulation, this was
simplified to 8 total rolling passes. A compaction
force of 120 kN and a steel wheel radius of 550 mm,
matching the roller used in actual construction, were
applied. The wearing layer models of different types
are shown in Figure 2.

2.2 Installation of Contact Properties

The DEM model presented includes five categories
of contacts between particles, as detailed in Table 1.
The contact model parameters were calculated based
on the macro-properties of the materials and were
subsequently adjusted to fit laboratory results. The
DEM model presented includes five categories of
contacts between particles, as detailed in Table 1.
The contact model parameters were calculated based
on the macro-properties of the materials and were
subsequently adjusted to fit laboratory result.

3 RESULTS AND DISCUSSIONS

3.1 Pavement texture
The simulated texture from the 3D DEM model was
compared with the actual texture of SMA-13. A 3D
portable laser scanner (3D-PLS) was utilized to
measure the real texture, with scanned point cloud
data stored in ASC format and a scanning precision
of 0.05 mm. The real texture and simulated texture
of SMA-13 are shown in Figure 3.

The simulated texture was measured by a
program for texture extraction and the calculation of
texture characteristics was compiled in Matlab
software. The texture was categorized into three
categories, including: Amplitude-Related
Parameters, Such as Estimate Mean Texture Depth
(EMTD), Arithmetic Average Roughness (Ra), Root
Mean Square (Rq), Skewness (Rsk), Including
Arithmetic Mean Wavelength (λa), Root Mean
Square Wavelength (λq), and Peak Ratio (PR).



Figure 2. Wearing layer models with different types.

Table 1. Micromechanical Properties of DEM model.
Contact type Ball-ball Ball-pebble Pebble-Pebble Ball-facet Pebble-facet
Model Type Linear Parallel Bond Model Linear model

Normal Stiffness/(N·m-1) 9.0×108 9.0×108 5.0×108 9.0×108 9.0×108

Shear Stiffness/(N·m-1) 9.0×108 9.0×108 5.0×108 9.0×108 9.0×108

Friction Coefficient 0.05 0.10 0.15 0.05 0.05
Normal Critical Damping Ratio 0.2 0.2 0.2 0.2 0.2

Radius Multiplier 1.0 1.0 1.0 - -
Normal Stiffness/(N·m-1) 2.0×105 2.0×105 2.0×105 - -
Shear Stiffness/(N·m-1) 2.0×105 2.0×105 2.0×105 - -

Tensile Strength/(pa) 1.2×106 1.2×106 1.2×106 - -
Cohesion/(pa) 3.5×105 3.5×105 3.5×105 - -

Friction Angle/(°) 40 40 40 - -

Figure 3. The pavement texture of SMA-13: (a) Real texture;
(b) Simulated texture.

Shape-Related Parameters, Such as Mean Slope
(Δa), Root Mean Square Slope (Δq), and Developed
Interfacial Area Ratio (Sdr). These parameters of
DEM model and actual pavement texture were
calculated respectively and compared in Figure 4.

According to Figure 4, the texture parameters of
simulated texture are similar to those of real texture.
For amplitude-related parameters, EMTD, and Rku
are more accurate than other parameters, and the

accuracy of the simulation exceeds 90%. Where, the
similarity of Rsk is relatively low, which may be due

Figure 4. The texture parameters of SMA-13: (a) Amplitude-
related parameters; (b) Wavelength-related and shape-related
parameters.



to aggregates are considered rigid and the influence
of asphalt is ignored during the simulation process,
therefore the DEM model is uneasily compacted
than the real pavement. For wavelength-related
parameters, λq and PR shows a higher correlation to
real texture, which is higher than 75%. For shape-
related parameters, only Δq show a higher
correlation to real texture, which is higher than 70%,
where Δa and Sdr show a relatively low correlation
to real texture, which is less than 60%. In addition,
the similarity of the amplitude-related texture
parameters is generally higher, so the DEM model is
more suitable for the simulation of the amplitude-
related parameters. Therefore, the two parameters
with higher correlation in each category were
selected for further study, including EMTD, Rku, λq,
PR, Δq, and Sdr.

3.2 Verification of Voids in Mineral Aggregate
(VMA)

The VMA of the 3D DEM model is calculated by
Equation (1), The VMA of the model was calculated
to be 20.34%. The VMA of real pavement is 18.18%,
which is higher than 17.0% meets the Technical
Specifications for Construction of Highway Asphalt
Pavements (JTG F40-2004).

%100
tot
agg

1 
V
V

VMA (1)

The pavement texture and VMA of the actual
mixture and simulation model are consistent.
Therefore, the simulation model can be used for the
research of texture parameters and corresponding
skeleton composition.

4 CONCLUSIONS

This method demonstrates the feasibility of using
the 3D DEM model for simulating pavement
texture. Specifically, for the EMTD simulation, the
accuracy exceeds 90%, while the simulation results
for VMA are also within an acceptable range. These
findings confirm that the approach is effective in
capturing the significant effects of gradation type
and NMSA on both the texture and skeletal structure
of the wear layer. The 3D DEM model highlights
the crucial role of the coarse-to-fine aggregate ratio
in influencing the wear layer characteristics. This
insight provides valuable guidance for optimizing
mix design and improving the performance of the
wearing layer.
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4.2 
MODELING AND MONITORING TECHNIQUES FOR 

VEHICLE-PAVEMENT INTERACTION 



1 INTRODUCTION 
 
The International Roughness Index (IRI) serves as a 
standardized roughness measurement that character-
izes the longitudinal profile of a road's surface. This 
critical metric has become the global standard for 
evaluating road surface conditions, playing a vital 
role in pavement management systems and mainte-
nance decision-making processes. Transportation 
agencies worldwide rely on IRI measurements to as-
sess road quality, plan maintenance schedules, and 
allocate resources effectively, as road surface condi-
tions directly impact vehicle operating costs, safety, 
and user comfort (Sayers, 1995). 

IRI measurements are primarily conducted using 
inertial profilers equipped with high-frequency laser 
sensors. These systems combine precise laser meas-
urements with accelerometer data to generate accu-
rate road profile measurements while compensating 
for vehicle dynamics. The laser-based inertial profil-
ers have demonstrated high accuracy and reliability 
in measuring road roughness, making them the in-
dustry standard for pavement condition assessment 
(Chang et al., 2006). However, these systems come 
with significant limitations that restrict their wide-
spread adoption, particularly among smaller trans-
portation agencies and contractors. The primary con-
straints include substantial initial investment costs, 
ongoing maintenance requirements, and operational 
expenses. Furthermore, these systems require spe-

cialized training and certified operators, adding to 
the overall cost and complexity of implementation. 

In recent years, researchers have begun exploring 
alternative technologies for IRI measurement to ad-
dress these limitations (Fares and Zayed, 2023). Var-
ious sensing technologies, including RGB-D sen-
sors, depth cameras, and LiDAR systems, have 
emerged as potential solutions for road roughness 
measurement (Zhang et al., 2024). These technolo-
gies offer promising advantages in terms of cost-
effectiveness and ease of use. However, their appli-
cation in IRI measurement requires further investi-
gation to validate their accuracy and reliability com-
pared to traditional inertial profilers. 

This study aims to evaluate the potential of solid-
state LiDAR technology, one of the latest advance-
ments in LiDAR systems, for IRI measurement. Sol-
id-state LiDAR represents a significant technologi-
cal evolution, offering advantages such as no 
moving parts, compact size, and potentially lower 
costs compared to traditional mechanical LiDAR 
systems. The research focuses on developing and 
validating a methodology for IRI measurement using 
solid-state LiDAR, with particular emphasis on 
comparing its accuracy against conventional inertial 
profiler measurements. By investigating this emerg-
ing technology, this study seeks to contribute to the 
development of more accessible and cost-effective 
solutions for road condition assessment while main-
taining acceptable levels of accuracy for pavement 
management applications. 
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ABSTRACT: This study investigates the potential of solid-state LiDAR (SSL) technology for measuring the 
International Roughness Index (IRI) as an alternative to inertial profilers. Using a Livox HAP SSL sensor 
mounted on a vehicle alongside a reference SSI inertial profiler, measurements were conducted on a 100-
meter road section exhibiting varying roughness conditions. Point cloud data from the SSL was processed to 
extract elevation profiles at 30-centimeter intervals, and IRI values were calculated using the quarter-car 
model. Comparative analysis revealed acceptable agreement between SSL and inertial profiler, with an R2 of 
0.821, MAE of 1.3 (m/km), and RMSE of 1.7 (m/km). While the SSL system showed some limitations in 
high-roughness zones, the overall results demonstrate its potential as a cost-effective alternative for pavement 
condition assessment, particularly in moderate roughness conditions. 



2 METHODOLOGY 

2.1 Data Collection 
The data collection process involved a comprehen-
sive setup combining solid-state LiDAR with tradi-
tional inertial profiling equipment for validation 
purposes. The primary sensor used in this study was 
a Livox HAP solid-state LiDAR (SSL), which repre-
sents the latest generation of LiDAR technology 
without moving mechanical components. The SSL 
device was mounted on the rear of the vehicle using 
a secure suction cup mounting system, oriented in a 
top-down configuration to capture detailed point 
cloud data of the pavement surface. This mounting 
position was specifically chosen to optimize the sen-
sor's field of view and ensure consistent data capture 
of the road surface profile. 

To enhance the data collection process and pro-
vide additional contextual information, a GoPro 
camera was installed directly above the SSL unit. 
This camera served dual purposes: capturing high-
resolution images of the pavement surface for visual 
reference and documentation, while simultaneously 
recording GPS coordinates. The GPS data was par-
ticularly crucial as it allowed for precise spatial reg-
istration of the SSL point cloud data, enabling accu-
rate correlation between different measurement 
systems and facilitating subsequent data analysis. 

For validation purposes, this study employed an 
SSI inertial profiler, which represents the current in-
dustry standard for IRI measurement. The inertial 
profiler was mounted on the same vehicle to ensure 
simultaneous data collection under identical condi-
tions, allowing for direct comparison between the 
SSL measurements and the established reference 
measurements. Figure 1. shows the data collection 
equipment and setup. 

The field testing was conducted on a carefully se-
lected 100-meter road section in Columbia, Mis-
souri. This test section was specifically chosen for 
its diverse range of surface conditions, exhibiting 
IRI values ranging from low to high. The variability 
in surface roughness within this single test section 
provided an ideal environment for evaluating the 
SSL system's performance across different rough-
ness conditions. This strategic selection of the test 
section enabled the research team to assess the accu-
racy and reliability of the SSL-based measurements 
across a broad spectrum of pavement conditions 
within a controlled testing environment. 

 
Figure 1. Data collection equipment and setup. 

2.2 Longitudinal Profile Extraction  
The extraction of longitudinal profiles from the col-
lected point cloud data required a systematic ap-
proach to transform raw SSL data into meaningful 
elevation measurements suitable for IRI calculation. 
The process began with the temporal synchroniza-
tion of the GoPro camera and SSL data streams, 
which allowed for the precise mapping of GPS co-
ordinates to each point cloud frame. This synchroni-
zation was crucial as it enabled the transformation of 
the SSL's local coordinate system measurements into 
global coordinates, providing a standardized refer-
ence frame for the entire dataset. 



Following the coordinate transformation, a 
thresholding approach was implemented to isolate 
the relevant points corresponding to the wheel path 
on the pavement surface. This selective extraction 
was essential for focusing the analysis on the specif-
ic path that influences vehicle response and ride 
quality. The thresholding process effectively filtered 
out peripheral data points while retaining the critical 
elevation measurements along the wheel path. 

To facilitate IRI calculation, which requires regu-
larly spaced elevation measurements, this study es-
tablished a fixed sampling interval of 30 centimeters 
(equivalent to 1 foot) along the longitudinal profile 
(ASTM., 2005). At each sampling point along the 
longitudinal profile, elevation values were extracted 
from the point cloud data, creating a discrete eleva-
tion profile suitable for subsequent IRI computation. 

2.3 IRI Measurement 

Place The IRI is calculated using a mathematical 
model known as the quarter-car model, which simu-
lates the dynamic response of a simplified vehicle 
suspension system traveling over a road surface. The 
quarter-car model consists of four primary compo-
nents that work together to simulate vehicle dynam-
ics. The sprung mass (representing one-quarter of 
the vehicle body mass), the unsprung mass (repre-
senting the wheel assembly), a spring element 
(simulating the primary suspension system), and a 
damper (representing the shock absorber) (Sayers, 
1995). 

The model processes road profile data by simulat-
ing the vehicle's response while traveling at a stand-
ardized speed of 80 kilometers per hour (50 mph). 
During this simulation, the system's response to road 
surface variations is governed by a set of differential 
equations that describe the dynamic interaction be-
tween the vehicle components and the road profile. 
These equations incorporate specific mechanical pa-
rameters that have been standardized worldwide, in-
cluding precise spring rates, damping coefficients, 
and mass ratios. The IRI value is ultimately derived 
from the accumulated suspension motion, calculated 
as the sum of the relative displacement between the 
sprung and unsprung masses, normalized by the dis-
tance traveled. 

For analysis and verification purposes, IRI meas-
urements were obtained through two methods. First, 
the reference IRI values were extracted directly from 
the SSI inertial profiler measurements of the test 

section. Second, a Python script was used to calcu-
late IRI values using the elevation data extracted 
from the SSL point clouds, implementing the quar-
ter-car model to process these measurements 
(Šroubek et al., 2021). This dual approach enabled 
direct comparison between the inertial profiler 
measurements and the SSL-based results. 

3 EXPERIMENTAL RESULTS 

The experimental results demonstrate a strong corre-
lation between IRI measurements obtained from the 
solid-state LiDAR (SSL) system and the reference 
SSI inertial profiler. The comparison of these two 
measurement systems was conducted through both 
longitudinal profile analysis and statistical correla-
tion assessment. 

The overall IRI comparison, illustrated as Figure 
2., shows the IRI values measured by both systems 
along the 100-meter test section. The profile reveals 
that both systems captured similar patterns of road 
roughness variations throughout the section. The 
SSL measurements (shown in red) closely tracked 
the SSI measurements (shown in blue), with mean 
IRI values of 7.09 m/km and 7.77 m/km respective-
ly. This difference in mean values indicates that the 
SSL system typically produced slightly lower IRI 
measurements than the reference system, but the 
overall difference remained relatively small at 0.68 
m/km. 

The IRI values show particularly higher agree-
ment in sections with moderate roughness (between 
4-8 m/km). Notable variations between the two sys-
tems were observed in areas of high roughness, par-
ticularly around the 40-meter and 80-meter marks, 
where IRI values peaked above 14 m/km. In these 
high-roughness zones, the SSL measurements some-
times underestimated the peak values compared to 
the SSI system, though they still captured the gen-
eral pattern of roughness variation. 

The statistical correlation analysis, presented in 
Figure 3., provides a quantitative assessment of the 
agreement between the two measurement systems. 
The analysis yielded an R-squared value of 0.821, 
indicating an acceptable positive correlation between 
the SSL and SSI measurements. This high correla-
tion coefficient suggests that approximately 82% of 
the variance in SSL measurements can be explained 
by the SSI reference measurements, demonstrating 
reliability of the SSL system.

 
 

 
 
 
 
 



Figure 2. IRI comparison of SSL vs. SSI for the test road section. 
 

 
Figure 3. Statistical correlation analysis between SSI and SSL. 
 

The accuracy of the SSL system was further 
quantified through error metrics. The Mean Absolute 
Error (MAE) of 1.333 m/km indicates the average 
magnitude of measurement differences between the 
two systems. The Root Mean Square Error (RMSE) 
of 1.718 m/km, being slightly higher than the MAE, 
suggests the presence of some larger discrepancies, 
particularly in the high-roughness regions as ob-
served in the IRI profile. These error metrics, while 
indicating potential for further improvement, 
demonstrate promising performance for the SSL sys-
tem, especially considering the complexity of road 
roughness measurement and the innovative nature of 
the technology. 

4 CONCLUSION 

This study demonstrates the potential of solid-state 
LiDAR technology as a viable alternative for meas-
uring IRI in pavement condition assessment. 
Through field testing and analysis, the research vali-
dates that SSL-based measurements can achieve ac-

ceptable levels of accuracy when compared to iner-
tial profiler systems, with a correlation coefficient of 
0.821 between the two measurement methods. 

The SSL system showed particularly promising 
performance in sections with moderate roughness 
levels (4-8 m/km), where it consistently tracked the 
reference measurements with high fidelity. While 
some discrepancies were observed in high-roughness 
regions, where the SSL measurements typically un-
derestimated peak IRI values, the system successful-
ly captured the overall patterns of surface roughness 
variation. The relatively small difference in mean 
IRI values between the SSL and SSI systems (0.68 
m/km) further supports the potential of this technol-
ogy for practical applications. 

The results suggest that solid-state LiDAR could 
offer a more accessible alternative to traditional iner-
tial profilers, potentially addressing the significant 
barriers of high cost and operational complexity that 
currently limit widespread adoption of road condi-
tion monitoring systems. 
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1 INTRODUCTION 

Monitoring pavement deflection is a critical compo-
nent in assessing the structural strength and long-
lasting durability of road infrastructure. Traditional-
ly, methods like the Benkelman beam and Falling 
Weight Deflectometer (FWD) have been widely 
used to measure pavement deflection, but these ap-
proaches are often costly and limited to periodic, 
point-specific measurements. Recent advancements 
in sensor technology, including geophones and ac-
celerometers, offer new opportunities for cost-
effective, easy-to-install, and continuous monitoring, 
(Bahrani et al., 2019; 2020a; 2020b, Duong et al., 
2020). These technologies offer a promising alterna-
tive for capturing real-time pavement deflection un-
der actual traffic conditions. 

This study explores the use of geophones and ac-
celerometers as potential instruments for measuring 
pavement deflection in real-world conditions under 
heavy vehicle loads. Geophones measure vertical ve-
locity, while accelerometers capture vertical acceler-
ation. Through specific signal processing techniques, 
these sensors provide indirect deflection measure-
ments. Geophone signals are integrated once to yield 
deflection, while accelerometer signals require dou-
ble integration to derive displacement values, 
providing accurate and continuous data on pavement 
performance. 

2 RESEARCH BACKGROUND 

Previous studies have primarily focused on measur-
ing pavement deflection using geophones and accel-
erometers in controlled laboratory environments 
(Bahrani et al., 2020b, Duong et al., 2020, Arraigada 
et al., 2007). Laboratory tests were initially conduct-
ed using vibrating tables to simulate pavement de-
flections, enabling a controlled analysis of sensor re-
sponses. Following these tests, APTs (accelerated 
pavement tests) were carried out under heavy vehi-
cles and controlled loading scenarios to further as-
sess sensor accuracy against standard reference de-
flection sensors. To ensure reliable deflection 
measurements, advanced signal processing tech-
niques, including various filtering and transfor-
mation methods, were utilized to correct raw signals 
and reduce errors, particularly addressing issues of 
noise and integration drift. 

The use of geophones and accelerometers for 
pavement monitoring has emerged as a promising 
and validated approach for obtaining real-time de-
flection measurements (Bahrani et al., 2020a). This 
study extends these evaluations to real-world field 
conditions, specifically in cold climates, further val-
idating the practical implications of these sensors. In 
doing so, this research contributes to the growing 
body of knowledge on effective, scalable methods 
for pavement health monitoring and maintenance. 

Evaluating in-situ pavement deflection using geophone and 
accelerometer signal processing: A case study of the E16 motorway in 
Sweden 

M.A. Bidgolia,b & S. Erlingssona,b,c 
a Swedish National Road and Transport Research Institute (VTI), Linköping, Sweden 
b KTH Royal Institute of Technology, Stockholm, Sweden 
c University of Iceland, Reykjavík, Iceland 

 

ABSTRACT: This research investigates the use of geophones and accelerometers for real-time pavement de-
flection monitoring under heavy vehicle loads. Traditional methods, such as the Falling Weight Deflectometer 
(FWD), are effective but costly and limited in both spatial and temporal applicability. In contrast, embedded 
geophones and accelerometers offer continuous deflection measurements, capturing vertical velocity and ac-
celeration data that can be processed to derive pavement deflection values. In this study, field tests were con-
ducted on the E16 motorway north of Borlänge in Sweden, with data processed through filtering, frequency 
transformations, and signal integration. Results indicate that sensor-based measurements align closely with 
theoretical deflections calculated via the elastic response software ERAPave, validating these sensors as cost-
effective, scalable tools for pavement health monitoring. This approach demonstrates potential for continuous 
pavement assessment, supporting maintenance planning and promoting the durability of road networks. 
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3 METHODOLOGY 

The approach for measuring pavement deflection 
under heavy vehicle loads involves processing sig-
nals from embedded geophones and accelerometers. 
These sensors capture pavement vibrations induced 
by vehicle loads, which are then converted into de-
flection measurements through key signal-
processing steps. Figure 1 outlines the process, 
which includes: 
• Data collection: Using geophones and accel-

erometers to capture raw vibration data. 
• Signal preprocessing: Filtering and cleaning the 

raw signals to remove noise and isolate relevant 
frequency components. 

• Transfer function: Applying transformations and 
transfer functions to model dynamic pavement re-
sponses. 

• Signal amplification: Adjusting signals based on 
sensor sensitivity and vehicle speed. 

• Signal integration: Converting geophone (veloci-
ty) and accelerometer (acceleration) data into dis-
placement via single and double integration, re-
spectively. 

• Deflection envelope: Detrending and applying the 
Hilbert Transform to extract the pavement deflec-
tion envelope. 

Figure 1. Flowchart of methodology for processing geophone 
and accelerometer signals to calculate vertical displacements. 
 

To evaluate how well the processed geophone 
and accelerometer signals measure pavement deflec-
tions, we compared them with deflections calculated 
using the Multilayer Elastic Response Analysis of 
Pavements software (ERAPave), developed by  
Erlingsson and Ahmed (2013). Table 1 provides an 
overview of the pavement layer properties at the 
project site, which were used as inputs for the ERA-
Pave model. 

 
 

Table 1.  Pavement layer properties. 
Layers Material Thickness 

(cm) 
E-Modulus  
(MPa) 

Poisson’s 
ratio 

Layer 1 Surface course 4.0 5000 0.35 
Layer 2 Binder course 5.5 5000 0.35 
Layer 3 Road base 6.5 5000 0.35 
Layer 4 Unbound base 8.0 400 0.35 
Layer 5 Subbase 42.0 400 0.35 
Layer 6 Protection layer 45.0 300 0.35 
Layer 7 Subgrade --- 120 0.35 

3.1 Data Collection 
Real-time signals from geophones and accelerome-
ters are recorded as vehicles pass the measurement 
site on the E16 motorway north of Borlänge, Swe-
den. Geophones capture voltage variations propor-
tional to velocity (m/s), while accelerometers record 
acceleration (m/s²), both sampled at 1000 Hz. The 
setup includes two sets of five geophones and three 
accelerometers positioned in the first (slow) lane, in-
stalled at depths of 7.0 cm and 2.5 cm, respectively, 
as shown in Figure 2. 

As a case study, signals were recorded under an 
8-axle heavy vehicle weighing 45,550 kg and mov-
ing at 81 km/h. Table 2 presents the wheel load con-
figuration on the right side of the heavy vehicle, ob-
tained from a WIM (weigh-in-motion) system 
installed prior to the sensor setup. This loading con-
figuration was also used for import into the ERA-
Pave model. 
 

Figure 2. Plan view and cross section showing the positions of 
geophones and accelerometers embedded within the pavement. 
 



3.2 Data Processing 
The procedures for processing data were carried out 
to compute pavement surface displacements using 
signals from geophones and accelerometers. Dis-
placement measurements from each sensor type are 
presented in Figures 3 and 4, illustrating the progres-
sion from raw signals (Figs 3a and 4a) to the final 
displacement results (Figs 3d and 4e) for the re-
search case study. 

 
Table 2. Wheel load configuration. 
X  
(cm) 

Y  
(cm) 

Tire 
type* 

Wheel load 
(kN) 

Contact pressure 
(kPa) 

0 0 S 41.97 1192 
471 0 D 58.64 547 
606 0 D 37.66 527 
1114 0 S 18.04 867 
1250 0 S 18.14 820 
1842 0 S 16.97 932 
1973 0 S 15.30 750 
2104 0 S 15.98 683 
* S and D represent single and dual tire types, respectively. 

Figure 3. Displacement computation through geophone signals: 
a) the original signal; b) the filtered velocity signal (bandpass, 
13-50 Hz cutoff); c) the displacement signal (transferred, am-
plified, and integrated); and d) the final displacement (Hilbert 
Transform). 

Figure 4. Displacement computation through accelerometer 
signals: a) the original signal; b) the filtered acceleration signal 
(bandpass, 13-50 Hz cutoff); c) the velocity signal (transferred, 
amplified, and first integrated); d) the displacement signal 
(second integration); and e) the final displacement (Hilbert 
Transform). 

3.2.1 Signal Preprocessing 
A 6th-order Butterworth bandpass filter (13-50 Hz) 
is applied to remove noise and isolate frequencies 
associated with pavement deflection (Mitra, 2001). 
This filter range is selected based on the vehicle’s 
speed to capture relevant frequency content effec-
tively. 

3.2.2 Frequency Domain Transformation and 
Transfer Function 

Signals are converted to the frequency domain using 
the Fast Fourier Transform (FFT), allowing the ap-
plication of transfer functions to model pavement 
dynamics under heavy loads (Hons and Stewart, 
2006). For geophone signals, a transfer function 
converts velocity to displacement, while accel-
erometer signals undergo a transfer function to con-
vert acceleration to displacement. The frequency re-
sponse model, defined by natural angular frequency 
(𝜔₀) and damping ratio (𝜆), adjusts the signal to re-
flect the actual pavement response, as given by, 
TF(ω) = ω2 / (ω0

2 − ω2 + 2iλω0ω). After applying 
these functions, an inverse FFT returns the signals to 
the time domain (Figs 3b and 4b). 

3.2.3 Amplification and Integration 
The signal is amplified to align with real-world 
pavement deflection. Geophone data is integrated 
once to obtain displacement, as shown in Figure 3c. 
Accelerometer data undergoes double integration to 
achieve displacement, as illustrated in Figures 4c 
and 4d. Amplification and integration ensure that 
signals from both sensors reflect the pavement’s ac-
tual deflection. 

3.2.4 Detrending and Hilbert Transform 
To remove drift and unwanted oscillations, the dis-
placement signal is detrended, and the Hilbert Trans-
form is applied for envelope extraction (Bahrani et 
al., 2020a). This transform shifts the signal phase to 
extract the envelope amplitude, giving a clearer 
measure of maximum deflection and smoothing out 
oscillations, as given by, E(t) = √(s2(t)+ṡ2(t)) =|Se(t)|, 
where s(t) represents the real part of the signal and 
ṡ(t) is the imaginary part of the signal, both used to 
extract Se(t) as the envelope amplitude of the signal. 

These final processed signals (Figs 3d and 4e) ac-
curately represent true pavement deflection, remov-
ing noise and drift for clearer analysis. 

4 RESULTS AND DISCUSSIONS 

The processed averages of geophone and accelerom-
eter measurements were compared with theoretical 
deflections calculated using ERAPave, as illustrated 
in Figures 5 and 6. These visual analyses provide de-
tailed insights into the pavement response to the dy-
namic loading of an 8-axle, 446 kN heavy vehicle 



moving at 81 km/h. The ERAPave model was con-
figured to compute deflections along each centime-
ter of the x-axis at depths of 6 cm and 3 cm, corre-
sponding to the installation depths of the geophones 
and accelerometers, respectively. 

Figure 5 presents a time-series comparison be-
tween the calculated deflections from ERAPave and 
the averaged geophone measurements, while Figure 
6 shows a similar comparison for accelerometer 
measurements. The alignment between sensor data 
and ERAPave calculations indicates that both geo-
phones and accelerometers can effectively capture 
real-time pavement deflections, closely matching the 
model’s predicted values at each sensor depth. 

This analysis provides valuable insights into the 
pavement’s behavior under heavy vehicle loads, 
demonstrating the ability of sensor-based monitoring 
to assess pavement responses accurately. Minor dis-
crepancies between ERAPave calculations and sen-
sor measurements, observed under specific load con-
figurations, suggest areas for further refinement. 
Possible adjustments include calibrating the signal 
processing parameters, such as modifying cutoff fre-
quencies, amplification factors, or filter order in the 
Butterworth filter. These refinements could enhance 
the accuracy of field measurements and improve the 
model’s predictive alignment with observed data. 

 
 

Figure 5. Comparison of deflections between ERAPave calcu-
lations and geophone measurements. 

 
 

Figure 6. Comparison of deflections between ERAPave calcu-
lations and accelerometer measurements. 

5 CONCLUSIONS 

This study confirms the viability of a sensor-based 
approach using geophones and accelerometers to 

measure pavement deflection under heavy vehicle 
loads. We obtained real-time deflection data by uti-
lizing 10 geophones and 6 accelerometers, which we 
compared with ERAPave-calculated deflections. The 
close alignment of sensor data with the model out-
puts supports the potential of this approach for relia-
ble infrastructure monitoring. Minor discrepancies 
between ERAPave results and field measurements 
suggest that enhancing the model's precision could 
further improve accuracy, potentially through ad-
justments for material-specific characteristics and re-
finements in signal processing techniques. 

Overall, this study provides field-based validation 
for deploying geophones and accelerometers as ef-
fective tools in real-time pavement monitoring. The 
findings underscore the benefits of incorporating ad-
vanced sensor technology with computational mod-
els to enhance the accuracy of pavement perfor-
mance assessments. Beyond providing timely 
insights into pavement health, this approach shows 
promise for applications such as vehicle type and 
speed detection and back-calculating pavement layer 
properties, all of which contribute to the design and 
maintenance of more durable road infrastructure. 
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1 INTRODUCTION 
 
In recent years, the concept of digital twins has 
emerged in pavement engineering, emphasizing the 
need for precise modeling of pavement responses to 
realistic loading conditions. This precision is par-
ticularly critical near the pavement surface, where 
stresses are highest and the upper asphalt layer hous-
es valuable sensor equipment. Traditional modeling 
techniques, such as three-dimensional finite element 
modeling (3D FEM), have been widely used to 
simulate tire-pavement interactions. However, these 
methods often require very fine meshing to capture 
the details of the tire pressure distributions in the tire 
contact patch (further referred to as tire footprints), 
leading to substantial computational time and re-
source constraints. The limitations of conventional 
3D FEM in this context highlight the need for alter-
native modeling approaches that can speed up the 
delivery of results without compromising their quali-
ty. 

This paper introduces the Fourier Series Assisted 
Finite Element Method (FSAFEM). With FSAFEM, 
it is feasible to utilize high-precision measurements 
of the tire footprint to determine pavement respons-
es. By effectively accounting for the detailed geome-
try and pressure distribution within the tire-
pavement contact area, FSAFEM achieves pavement 
response predictions comparable to those of 3D 
FEM methods while requiring only a fraction of the 
computational time. 

The paper begins with an overview of the mathe-
matical background of FSAFEM and its implemen-
tation into an in-house developed software, Dromos. 

Next, an application case is presented where Dromos 
is employed to simulate the responses in the surface 
layer of an hypothetical mill-and-overlay asphalt 
pavement. The simulations were conducted using 
tire footprint measurements of a truck tire at three 
different inflation pressures. The interlayer bond be-
tween the surface and the underlying asphalt layer 
was also varied (considering both full bond and no 
bond conditions). Finally, the key findings are dis-
cussed, along with potential applications into a digi-
tal twin of the road. 

2 FOURIER SERIES ASSISTED FINITE 
ELEMENT METHOD (FSAFEM) 

The FSAFEM (Potts 2001) is a numerical approach 
that combines the computational efficiency of ana-
lytical methods with the geometrical modeling versa-
tility of FEM. This method is particularly well-suited 
for pavements, as it approximates the calculation 
domain as straight and infinite in the longitudinal 
(traffic) direction. Such an approximation is valid for 
most pavements geometries, where the length and 
radius of curvature greatly exceed their thickness 
and width.  

The core concept of FSAFEM is to perform Fou-
rier analysis in the longitudinal direction while using 
finite elements to model the cross-section of the 
pavement. The cross-section plane (x-y plane) is dis-
cretized with a 2D finite element mesh, where field 
variations within this plane are represented using 
nodal values and shape functions. Assuming that (1) 
the material properties remain constant in the traffic 
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direction and (2) the materials exhibit linear behav-
ior, a Fourier transform can be applied to all special 
dependent variables (i.e. displacement, stress and 
strain) in the traffic direction (z-coordinate). Addi-
tionally, if it is further assumed that the load is peri-
odic, the Fourier transform can be replaced by a Fou-
rier series. 

By applying this transformation, the analysis re-
duces to the solution of a 2D boundary value finite 
element problem for each wavenumber in the Fouri-
er series. The results, obtained in the wavenumber 
domain, must then be inverse Fourier transformed to 
retrieve the solution in the spatial domain. A detailed 
description of the mathematical background of 
FSAFEM is provided in Canon (2021).  

In a nutshell, the pavement responses under 
measured tire contact pressures using FSAFEM are 
determined as follows: 

 
1. Compute the Fourier transform (Fourier se-

ries) of the tire footprint measurements in the 
traffic direction. 

2. Create a 2D finite element mesh of the pave-
ment cross-section. The finite element dis-
cretization within the loading region shall 
match the spatial dimensions of the tire foot-
print measurements. 

3. Solve the 2D finite element boundary value 
problem in the wavenumber domain for each 
Fourier term representing the tire footprint 
measurements. 

4. Apply the inverse Fourier transform to obtain 
displacements, stresses, and strains in the spa-
tial domain. 
 

The FSAFEM was programmed in Fortran 90 in-
to an in-house developed software, Dromos, by the 
Institute of Pavement Engineering at TU Dresden. 
The software was designed in a modular manner, 
comprising three main modules: The Preprocessing 
Module defines the data structures for the problem. 
It includes a mesh generator and a load generator.  
The mesh generator creates the 2D finite element 
mesh of the pavement cross-section using 4-node 
isoparametric finite elements. The interfacial defor-
mation at the interlayer zone is modeled using the 
zero-thickness element proposed by Goodman 
(1977). Figure 1 shows a schematic representation of 
the 2D finite element mesh and both types of ele-
ments. The load generator computes the Fourier co-
efficients of the load, representing the tire footprint 
pressure. The Processing Module is responsible for 
computational tasks such as assembling stiffness ma-
trices and force vectors for each Fourier harmonic. It 
solves the finite element boundary value problem in 
the wavenumber domain. The Post processing Mod-
ule handles the transformation from the wavenumber 
domain back to the spatial domain.  The postproces-
sor also generates output files compatible with the 

open-source visualization tool ParaView for easy 
analysis and visualization. 

 
 

Figure 1. Schematic representation of the 2D finite element 
mesh. 

 
The implementation and accuracy of Dromos 

were verified by comparing its results with those ob-
tained from commercial 3D finite element software, 
such as Abaqus, across several benchmark cases. 
The validation demonstrated the potential of Dromos 
to significantly reduce computation time compared 
to Abaqus, particularly when simulating pavement 
structures with non-fully bonded layers. Dromos 
employs the Goodman element to account for such 
scenarios directly. In contrast, Abaqus requires the 
use of a contact formulation with slave and master 
surfaces, which substantially increases computation 
time. 

3 TIRE FOOTPRINT MEASUREMENTS 

In this paper, the tire footprints were measured uti-
lizing the tire stiffness test rig (SteiReP) developed 
at the Institute for Automotive Engineering (ika), 
RWTH Aachen University (Fig. 2). The test rig of-
fers the flexibility to use various surfaces for the as-
sessment of stiffness characteristics as well as a ded-
icated truck tire pressure-mapping sensor surface for 
collecting contact pressures. The truck tire used in 
this study, is Pirelli - ST:01T with dimensions 
385/55R22.5 and carcass construction 160K. 

 
 
 

 
 
 
 
 
 
 
 

 
 
Figure 2. Tire Stiffness Test Rig (SteiReP). 



 
Utilizing load control operation mode of the test 

rig, footprints of the tire, shown in Figure 3, were 
measured at a constant vertical load of 35.3 kN and 
three inflation pressures: 6 bar, 8 bar and 10 bar. The 
measurements show that the loaded area is slightly 
decreasing with increase of the inflation pressure. 
On the other hand, the maximum and average local 
contact pressures are significantly increasing with 
increase of the inflation pressure. This highlights the 
concentration of the load towards the centre of the 
contact patch and thus potentially increase the local 
stresses transferred to the road surface. 

 
Figure 3. Measured tire footprints for three different inflation 
pressures. 

4 APPLICATION AND SIMULATION 
RESULTS: EFFECTS OF INFLATION PRESSURE 
AND INTERLAYER BOND 

Simulations were performed on a hypothetical mill-
and-overlay pavement where the top surface layer 
was replaced with an asphalt overlay. Within the 
context of digital twin road, this asphalt overlay is a 
smart asphalt layer that interact with the digital twin.  
Accurately determining the in-pavement stresses of 
this smart layer is crucial, as it hosts valuable sen-
sors whose functionality supports the operation of 
the digital twin system. Furthermore, the service life 
of this layer largely dictates the overall lifespan of 
the digital twin. Consequently, it is essential to accu-
rately predict key pavement responses associated 
with common distresses to estimate the layer's dura-
bility. 

The pavement structure consists of a 40 mm as-
phalt overlay (Elasticity modulus, E=3000 MPa, 
Poisson's ratio, ν=0.35) placed over a 240 mm as-
phalt concrete layer (E=5000 MPa, ν =0.35), under-
lain by a 320 mm unbound base course (E=400 MPa, 
ν =0.4) and 400 mm unbound subbase (E=120 MPa, 

ν =0.4). The subgrade (E=45 MPa, ν =0.2) was mod-
eled with a thickness of 2000 mm. At its current 
stage of development, Dromos models all materials 
as linear elastic. However, future enhancements are 
planned to account for the viscoelastic behavior of 
asphalt materials. 

Figure 4 illustrates the calculation domain, which 
comprises a 2D finite element mesh representing the 
transverse cross-section of the pavement. A width of 
6 m is assumed to eliminate the influence of bounda-
ry conditions. The results along the longitudinal di-
rection are obtained by evaluating the nodal varia-
bles of the mesh at various positions along the z-
coordinate. Within the loading area, a fine mesh dis-
cretization of 1.56 mm is employed, matching the 
resolution of the tire footprint measurements. 

 
Figure 4. Dromos calculation domain. 
 

The tire footprint measurements were trans-
formed in the longitudinal direction using a Fourier 
series with 400 harmonics and a period of 6 m. Fig-
ure 5 presents the histogram of the goodness-of-fit 
(R-square) values from the Fourier transformation 
compared to the original measurements. The histo-
gram shows that the majority of R-square values are 
concentrated near 1, indicating an excellent fit be-
tween the Fourier-based regression and the measured 
data. However, a small number of lower R-square 
values highlight cases where the regression may not 
perform as well. An example of such a case is de-
tailed in the figure, which occurs when the meas-
urements exhibit high variability with sharp peaks. 

 
Figure 5. Histogram of goodness-of-fit (R-square) 



Figure 6 shows the simulation results in terms of 
stress distribution within the pavement at the cross-
section beneath the tire footprint. The results clearly 
indicate that the asphalt overlay is subjected to high 
localized stresses, which increase with the magni-
tude of the inflation pressure. The stress concentra-
tion is particularly critical at the center of the tire 
footprint under the 10 bar inflation pressure. In con-
trast at the 6 bar inflation pressure, the stresses are 
more evenly distributed throughout the entire contact 
patch area. 

Figure 6. In pavement vertical stresses 
 
The interlayer bond between asphalt layers signif-

icantly influences the service life of the pavement. 
When the bond breaks, the asphalt structure behaves 
as a laminated composite, leading to tensile strains 
emerging at the bottom of the layers where the bond 
failure occurs. Under repeated traffic loads, these 
strains can initiate cracking that propagates and re-
sult in fatigue damage. This phenomenon is evi-
denced in Figure 7, which illustrates the longitudinal 
strains at the pavement cross-section for both inter-
layer conditions: full bond and no bond. Under the 
full bond condition, the bottom of the asphalt over-
lay experiences compressive strains. However, when 
the bond fails (no-bond condition), significant ten-
sile strains develop at the bottom of the overlay. 

Figure 7. In-pavement Longitudinal strains. 

Figure 8 presents the magnitude of the longitudi-
nal strains at the bottom of the overlay and at the 
bottom of the asphalt.  The magnitude of the tensile 
strains is an indicator used in empirical formulas to 
determine the fatigue resistance of the layer. Thus, it 
is evident that both the inflation pressure and the in-
terlayer bond significantly affect the service life of 
the overlay. High-performance asphalt materials are 
crucial to accommodate off-design scenarios where 
the interlayer bond fails, leading to substantial ten-
sile strains near the load. 

Figure 8. Longitudinal strains at the bottom of the asphalt lay-
ers. 

5 CONCLUSIONS 

This paper presents an efficient numerical alternative 
to 3D-FEM, the FSAFEM, for accurately determin-
ing pavement responses to realistic traffic loads. The 
following conclusions can be drawn: 
   FSAFEM efficiently incorporates high-precision 

tire footprint measurements and varying interlay-
er bond conditions, offering significant computa-
tional advantages over traditional 3D-FEM 
methods. 

   Tire inflation pressure strongly affects stress and 
strain magnitudes at the surface layer. For digital 
twin roads, which host expensive sensors near 
the loads, it is crucial to use high-performance 
asphalt materials to handle such stress/strain 
conditions. 
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1 INTRODUCTION 
 
Highways, as strategic and essential infrastructures, 
allow for the social development in a country. How-
ever, factors such as traffic loads, temperature, and 
moisture will result in the degradation of highway 
pavements, consequently bringing about large eco-
nomic losses (Li et al. 2019). For instance, pavement 
distresses impose $ 130 billion of additional vehicle 
repair costs to US motorists (ASCE, 2019). It is 
therefore important periodically assess pavement 
condition and then develop pavement maintenance 
scenarios. If the maintenance operations are carried 
out in the right time and without delay, budget ex-
penditures of the road authorities are reduced (Ji et 
al. 2020). 

The current practice in pavement evaluation in-
volves using vehicles equipped with high-tech sen-
sors such as laser scanners, black-box cameras, and 
accelerometers. Along with the technical equipment, 
Deep Learning (DL) algorithms such as Convolu-
tional Neural Networks (CNNs) are employed to au-
tomatically analyze the collected data (Gopalakrish-
nan, 2018). The collected information includes in-
ventory data (road geometrics and amenities such as 
drainage) and condition data (pavement distresses, 
roughness, and skid resistance) (Sholevar et al. 
2022). Although automatic road surveyors offer 
many advantages, there are challenges in using them 
for network-wide monitoring. Provision, mainte-
nance, and operation of the equipment impose high 
expenses to the highway agencies. Thus, the agen-

cies can only afford to provide one or two automatic 
profilers and implement them on limited areas of the 
network. The other shortcoming is long inspection 
periods. With the small number of surveyors availa-
ble, road authorities are not able to cover all the 
network and can only concentrate on major roads 
(Chen et al. 2022). As relying on Road Surface Pro-
filers (RSPs) for pavement monitoring is not feasible 
and cannot provide timely data, researchers have 
tried to devise alternative health monitoring systems 
with commercial-grade tools and capable of auto-
matic evaluation in short time.  

In this regard, Linton & Fu 2016 proposed a 
structure for winter road surface condition evalua-
tion using CVs. Bridgelall et al. 2019 concentrated 
on the enhancement of CV signals and improvement 
of distress localization. Entezari & Golroo 2023 
conducted a thorough review on the applications of 
CVs in pavement evaluation. According to the re-
search, evaluation of many pavement distresses (in-
cluding raveling, weathering, potholes, alligator 
cracks, along with manholes and faded markings) 
have not been investigated in a CV-environment by 
taking advantage of computer vision techniques. In 
the present article, YOLOv8 object detection algo-
rithm is used to detect pavement distresses in a CV 
environment.  

In the following sections of the present article, 
first an architecture for CV-based pavement evalua-
tion is proposed based on Edge computing. Then, 
the case study carried out based on the architecture 
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could be run on the onboard mini-computer to detect anomalies in real time. It was concluded that the model 
could be used on vehicles to gather condition data. 



is discussed. Finally, the strategies for future re-
search are proposed. 

2 METHODOLOGY 
The system architecture in an Intelligent Transporta-
tion System (ITS) is presented in Figure 1. In such a 
system, data obtained from vehicles is stored on a 
backend server. Data could be transmitted to the data 
processing center through Roadside Units (RSUs). 
Each vehicle is equipped with an Onboard Unit 
(OBU) to send, receive, or process data (Jadaan et 
al. 2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. The architecture and components in an intelligent 
Transportation System 

To grasp more deeply how such an architecture 
could be deployed to assess pavement condition, the 
details of the architecture is demonstrated in the 
workflow in Figure 2. According to the workflow, 
first, vehicles traverse the roads and gather data by 
different sensors, including visual sensors such as 
the rear-view camera. The data are processed by 
onboard computer which is programmed to analyze 
the input data. The obtained information is then sent 
to RSUs. Subsequently, the data is transferred to the 
data processing center from RSUs. Various infor-
mation obtained from the fleet of vehicles such as 
pavement distresses could then be used to have an 
understanding of the asset condition. The infor-
mation can be used by experts to calculate pavement 
performance indices and address the required 
maintenance operations.  
 

 
 
 
 
 
 
 
 
 

 
Figure 2. Pavement monitoring and maintenance planning in a 
CV environment 

In the architecture presented in this article, the 
OBU is advised to be made of two main parts. The 
first part is a radio communication unit which 
broadcasts messages to other CVs or the RSUs. The 
information sent to the RSUs will finally reach the 
backend server in order to fulfill the authority’s da-
tabase. The second part of the OBU is a processing 
unit which performs data analysis models on the col-
lected data. To automatically process the data, the 
application of DL models is necessary. 

In order to comply with the essence of Edge 
computing, a pavement distress detection model was 
developed in this research and implemented on 
Raspberry pi 3B+ device. To develop the model, 
YOLOv8 algorithm was used. YOLO is a one-stage 
object detection model based on Convolutional Neu-
ral Networks (CNNs) which is run on Python and in-
stalled using a PIP package (Zheng et al. 2024).  

To train the model, a dataset of 600 pavement 
images were gathered and annotated1. The distresses 
labeled on the images included linear cracks, alliga-
tor cracks, lane shoulder drop-off, weathering, ravel-
ing, patching, and potholes. Also, faded lane mark-
ings were labeled in the dataset. 

The available data were divided into 3 different 
groups of training data (70%), validation data (15%), 
and Testing data (15%). Google Colab platform was 
used for model training. In order to evaluate the 
model, 3 performance indices were investigated: Re-
call, Precision, and mAP. The formulations of the 
first two are presented in Equations 1 and 2:  

 (1) 

 (2) 

where TP = True Positive; FN = False Negative; and 
FP= False Positive. 

 
The formulation of mAP is also presented in 

Equation 3: 

 (3) 

where APK = Average Precision of the Kth group; 
and n = number of groups. 

3 RESULTS AND DISCUSSION 

The performance indices obtained for the distress 
detection model after a 300-epoch training process 
were an mAP of 58.8% (Fig. 3), a Precision of 
74.2%, and a Recall of 52.1% (Fig. 4). 
 

 
1https://universe.roboflow.com/dissertation-

ac1jd/saleh/dataset/1 



 
 
 

 
 
 
 
 
 

 
Figure 3. The increase in model’s mAP through 300 iterations 
of the training process 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4. Obtained performance indices for the distress detec-
tion model 
 

It is presumed that the low mAP is perhaps due to 
the low number of instances for each category. It 
could also be attributed to the quality of 
crowdsourced cameras, not fully capturing the tex-
ture of the pavement and making it hard to detect 
weathering defects. As the model merits from a high 
precision index, but has a low recall, it can be real-
ized that the model misses some of the distresses, 
but correctly classifies the ones that it detects. The 
Average Precision obtained for each group is pre-
sented in Table 1.  

 
Table 1: Average Precision obtained by the model 
for the 8 detected classes  

Distress Average Precision 

Linear crack 55.5% 
Alligator crack 61% 
Weathering 59.5% 
Shoulder drop-off 71% 
Patching 50% 
Raveling 66% 
Pothole 33%% 
Faded Marking 74.5% 

 
To make sure whether the presented solution is 

compatible for a CV-environment, the duration of 
analysis for each picture on the raspberry pie was 

evaluated. As the videos were first preprocessed and 
then sent to the model, the analysis period of each 
frame was about 2 seconds. A sample analyzed 
frame is presented on Figure 5.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. A sample frame analyzed by the distress detection 
model 

4 CONCLUSION 

Pavements are adversely affected by axle load-
ings, environmental factors and interaction with un-
derneath layers. As a result, the serviceability of the 
infrastructure is lowered by the appearance of dis-
tresses (such as linear cracks, alligator cracks, 
weathering, and faded markings) and roughness. 
Thus, road authorities continuously monitor pave-
ments of the wide road network. The collected in-
formation includes condition data and inventory da-
ta. Automatic pavement surveyors such RSPs are the 
current technology implemented by highway agen-
cies to collect pavement data. For this purpose, they 
traverse road segments by the surveyor vehicles. As 
the equipment is highly expensive, each agency can 
afford to purchase very few automatic surveyors. As 
it is not possible to traverse the whole network by 
the available vehicles, road agencies can only con-
centrate on major roads and even these high-priority 
roads are evaluated only once a year. In such a sys-
tem maintenance planning is difficult as the data is 
delayed and timely data is not at hand. To come up 
with a new framework for pavement evaluation, 
connected vehicles have proven to fulfill the re-
quirements of a pavement health monitoring system. 
These vehicles consistently move in the network and 
evaluate pavement using cost-effective sensors. As 
the vehicles are able to communicate with each other 
and with the infrastructure, the obtained data can be 
used to both complete the database of the road au-
thority and to alert drivers of intense distresses. In 



this article an architecture was proposed for evaluat-
ing pavement by CVs and a specific design for the 
OBU was suggested. Next, as a case study, pave-
ment distress detection was performed on the vehi-
cle, detecting 8 different pavement anomalies in-
cluding linear crack, alligator crack, raveling, 
weathering, shoulder drop-off, patching, pothole, 
and faded marking. The case study included collec-
tion and annotation of 600 pavement images, train-
ing a distress detection model using Yolo V8 algo-
rithm, and implementing the model on a raspberry 
pie. The model reached an mAP of 58.8%, a preci-
sion of 74.2%, and a recall of 52.1%. It was con-
cluded that pavement distress detection could be ap-
plied on vehicles. It was suggested that the 
developed system could be improved in future re-
search by implementing radio communication tech-
nologies for broadcasting the results, increasing the 
number of instances in the model for higher accura-
cy, and comparing the performance of other detec-
tion models such as SSD with the current model.  
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1 INSTRUCTION 
With the increasing emphasis on Intelligent Transport 
Systems (ITS), real-time road condition monitoring 
has become essential for improving road safety and 
ensuring efficient maintenance practices. Detecting 
road surface distress such as cracks and potholes can 
significantly reduce risks associated with vehicle 
damage and accidents (Koch & Brilakis, 2011). Var-
ious sensing technologies, including vibration sen-
sors, LiDAR, and accelerometers, have been explored 
for road surface monitoring. While these approaches 
offer valuable insights, they are often limited by high 
deployment costs (Ranyal et al., 2022). In contrast, 
camera-based solutions have gained attraction due to 
their ability to capture detailed visual data and pro-
vide actionable insights for road distress detection 
(Chambon & Moliard, 2011). 

Buffer management in wireless sensor networks 
(WSNs) has been extensively studied as a means of 
reducing packet loss during data transmission and 
maintaining data integrity (Joshi & Ranjan, 2011). 
Adaptive flow control and energy-aware buffer man-
agement strategies have been proposed to optimize 
data handling in these systems (Jayarajan et al., 
2020). By managing buffers and storing specific data, 
the amount of stored data can be reduced, which re-
sults in decreased processing units and processing 
time, thereby reducing processing energy. While 
buffer management in wireless networks primarily 

focuses on minimizing packet loss, the focus here 
shifts towards storage optimization. Minimizing stor-
age in cloud environments is crucial, and techniques 
such as data compression play a significant role. Ef-
fective storage optimization not only reduces the stor-
age footprint but also enhances processing efficiency 
and energy consumption. Despite these advance-
ments, limited research has addressed the integration 
of storage optimization with high-resolution image 
capture systems for vehicular road monitoring, leav-
ing a critical gap in the field. 

Moreover, recent advancements in smart sensing 
and artificial intelligence have significantly improved 
road condition monitoring systems. For instance, vi-
sion-based AI methodologies have been employed to 
evaluate, classify, and localize pavement distresses 
using high-resolution images captured by cameras 
mounted on vehicles. These systems leverage deep 
learning algorithms to detect and analyze road surface 
anomalies such as potholes, cracks, and other forms 
of distress (Ranyal et al., 2022). Additionally, ITS 
have integrated real-time detection technologies to 
enhance traffic management and safety. Advanced 
techniques such as Convolutional Neural Networks 
(CNNs) have been employed to automate the detec-
tion of surface anomalies from video streams (Gopa-
lakrishnan et al., 2017). While these advancements 
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ABSTRACT: Efficient and accurate road surface distress detection is essential for enhancing road safety and 
optimizing maintenance strategies. A significant challenge in pavement distress detection lies in developing an 
optimized data collection approach. This paper introduces a real-time road surface distress detection system 
utilizing a dual-camera setup mounted on a vehicle. The system incorporates an RGB camera at the front and 
an RGB-D (stereo vision) camera at the rear, both capturing videos stored in temporary buffers. When the front 
camera detects anomalies, e.g., cracks or potholes, the corresponding frames from both cameras are saved. 
Depth-enabled frames from the rear camera facilitate precise assessment of distress dimensions. To optimize 
storage, only event-related frames are retained along with pre- and post-event context. This selective strategy 
significantly reduces storage requirements while preserving critical data for analysis. Simulations validate the 
system’s efficiency, demonstrating substantial storage savings compared to continuous recording methods 
while maintaining effective road condition monitoring. 



enhance detection accuracy, they often neglect chal-
lenges such as optimizing storage and managing crit-
ical data under resource-constrained environments. 

Existing research primarily focuses on real-time 
detection of road surface anomalies, often overlook-
ing the critical challenges associated with optimized 
pavement condition data collection in terms of stor-
age efficiency and data prioritization in vehicular sys-
tems. One significant gap is the lack of effective stor-
age management, as many systems store all captured 
data, including information that may not be relevant 
to road distress detection. This indiscriminate storage 
approach leads to excessive use of processing units, 
increased processing time, and higher energy con-
sumption. Additionally, the lack of data prioritization 
in current systems prevents them from efficiently 
handling large volumes of high-resolution images. 
Furthermore, current camera-based road monitoring 
systems fail to incorporate efficient storage mecha-
nisms that selectively retain critical data for compre-
hensive analysis. This gap highlights the need for an 
integrated approach combining dual-camera setups 
with advanced buffer management strategies, which 
can address the dual challenges of data fidelity and 
resource optimization, allowing for long-distance 
monitoring with a limited storage capacity.  

To address these gaps, this paper introduces a 
novel dual camera vehicular monitoring framework 
with a priority-based buffer management strategy for 
storage optimization. The system comprises a front 
RGB camera for continuous monitoring of the road 
surface and a rear RGB-D stereo vision camera for 
capturing depth-enabled images of detected pavement 
distress. Using stereo vision technology, the system 
provides detailed depth information about anomalies, 
such as the depth and width of cracks, facilitating 
more precise and actionable analysis. To address stor-
age constraints, the framework employs selective 
storage, retaining only the critical frames associated 
with detected anomalies and their surrounding con-
text. This approach optimizes storage utilization 
while maintaining data fidelity, enabling the monitor-
ing of extended road distances without compromising 
the quality of analysis.  

In addition to addressing storage limitations, the 
proposed system integrates advances in smart sensing 
and artificial intelligence (AI) to improve road condi-
tion monitoring. Vision-based AI methodologies, 
coupled with real-time detection technologies, have 
proven to be effective in assessing, classifying, and 
localizing pavement distress (Ranyal et al., 2022). 

Using these technologies, the proposed model not 
only improves resource efficiency, but also provides 
accurate and timely information for ITS and infra-
structure maintenance.  

2 SYSTEM MODEL  

This section outlines the proposed system model, 
which integrates a dual-camera configuration and 
buffer management mechanisms to optimize storage 
and ensure reliable data retention. The system in-
volves a probe vehicle equipped with two cameras: a 
front camera and a rear camera. The front camera op-
erates continuously to capture the road surface and 
uses a real-time algorithm (e.g., MobileNet) to detect 
distress events such as potholes or cracks. Concur-
rently, the rear camera captures high-resolution im-
ages of the same road segment for detailed analysis to 
recognize distress severity and density. However, due 
to storage constraints, not all high-resolution images 
can be permanently stored. To address this limitation, 
the system utilizes two temporary buffers that stores 
images for a limited duration. If the front camera 
identifies a distress event, the system preserves the 
associated high-resolution images from the rear cam-
era. In contrast, non-critical images are discarded to 
save storage. This approach ensures that critical data 
is effectively preserved while optimizing storage uti-
lization. Additionally, the system integrates GPS data 
to provide precise geolocation information for each 
detected distress, aiding infrastructure maintenance. 

2.1 Buffer Management 
The buffer management system is a core component 
of the proposed model, designed to handle the tempo-
rary buffers and permanent storage of high-resolution 
images captured by the cameras. As illustrated in Fig-
ure 1, the system includes two temporary buffers—
one for the rear camera and one for the front camera—
and a permanent storage unit, defined as follows: 
1) Temporary Buffers: Initially, captured videos are 
stored in the temporary buffers for each camera, or-
ganized into two distinct parallel buffers. At time 𝑡, 
when a distress event is detected using the frames 
from the RGB buffer, the system retains 𝑥 frames be-
fore and 𝑥 frames after the event in permanent stor-
age. To achieve this, the buffer must be of size 
𝐿𝑇𝑒𝑚𝑝  =  𝑥 +  1, allowing the system to capture a new 
frame at time 𝑡 while deciding whether to discard or 
store the frame located at 𝑡 –  𝑥 −  1. If a distress event 
is detected between 𝑡 –  2𝑥 −  1 and 𝑡 (which will be 

Figure 1. Proposed System Model. 



discussed in the next section), the frame at 𝑡 − 𝑥 − 1 is 
transferred to permanent storage; otherwise, it is dis-
carded. 
2) Permanent Storage: For each frame in the tempo-
rary buffers, the system determines whether it be-
longs to the context of a distress event. If a distress is 
detected within the window [𝑡 –  2𝑥 –  1, 𝑡], the frame at 
𝑡 –  𝑥 –  1 is transferred to permanent storage. If no dis-
tress is detected within this window, the frame at 
𝑡 –  𝑥 –  1 is discarded to optimize permanent storage. 

2.2 Temporary Buffers 
We assume that, upon detecting a distress event, it is 
necessary to store 𝑥 frames of data before and after 
the detected distress. Consequently, the detection 
event, 𝑎(𝑡), is defined as: 
𝑎(𝑡) = {

1, If distress is detected at time 𝑡,
0, 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.

             (1) 

The rear camera captures data at a rate of 𝑅𝑅 
frame/s. The buffer state for rear camera at time slot 
𝑡, denoted as 𝑄𝑅

𝑇𝑒𝑚𝑝
(𝑡), evolves according to the fol-

lowing equation: 
𝑄𝑅

𝑇𝑒𝑚𝑝(𝑡) = max{0, 𝑄𝑅
𝑇𝑒𝑚𝑝(𝑡 − 1) + 𝑅𝑅 − 𝑂𝑅

𝑇𝑒𝑚𝑝(𝑡) −

𝑇𝑅
𝑇𝑒𝑚𝑝(𝑡)},                                                                           (2) 

where 𝑂𝑅
𝑇𝑒𝑚𝑝(𝑡) represents the data discarded from the 

buffer of rear camera, and 𝑇𝑅
𝑇𝑒𝑚𝑝(𝑡) corresponds to the 

amount of data transmitted to permanent storage from 
the buffer of rear camera during the time slot 𝑡. Simi-
larly, the front camera captures data at a rate of 𝑅𝐹 
frame/s. The buffer state for the front camera at time 
slot 𝑡, denoted as 𝑄𝐹

𝑇𝑒𝑚𝑝
(𝑡), evolves based on the fol-

lowing equation: 
𝑄𝐹

𝑇𝑒𝑚𝑝(𝑡) = max{0, 𝑄𝐹
𝑇𝑒𝑚𝑝(𝑡 − 1) + 𝑅𝐹 − 𝑂𝐹

𝑇𝑒𝑚𝑝(𝑡) −

𝑇𝐹
𝑇𝑒𝑚𝑝(𝑡)},                                                                           (3) 

where 𝑂𝐹
𝑇𝑒𝑚𝑝(𝑡) represents the data discarded from the 

buffer of front camera, and 𝑇𝐹
𝑇𝑒𝑚𝑝(𝑡) denotes the 

amount of data transmitted to permanent storage from 
the buffer of front camera during the time slot 𝑡. An 
auxiliary variable, 𝑏(𝑡), captures the history of distress 
detection over a window of [𝑡 − 2𝑥 − 1, 𝑡 − 𝑥]: 
𝑏(𝑡) = max

𝑡−2𝑥−1≤𝑡′≤𝑡−𝑥
𝑎(𝑡′).                                             (4) 

The data transmitted to permanent storage from the 
buffer of front camera, 𝑇𝑅

𝑇𝑒𝑚𝑝(𝑡), is calculated as: 

𝑇𝑅
𝑇𝑒𝑚𝑝(𝑡) = {

𝑅𝑅 , If  𝑏(𝑡) = 1, 𝑄𝑅
𝑇𝑒𝑚𝑝(𝑡) =  𝐿𝑅

𝑇𝑒𝑚𝑝
,

0, If  𝑄𝑅
𝑇𝑒𝑚𝑝(𝑡) <  𝐿𝑅

𝑇𝑒𝑚𝑝
.

  (5) 

and 

𝑂𝑅
𝑇𝑒𝑚𝑝(𝑡) = {

𝑅𝑅 , If  𝑏(𝑡) = 0, 𝑄𝑅
𝑇𝑒𝑚𝑝(𝑡) =  𝐿𝑅

𝑇𝑒𝑚𝑝
,

0, If  𝑄𝑅
𝑇𝑒𝑚𝑝(𝑡) <  𝐿𝑅

𝑇𝑒𝑚𝑝
.

 (6) 

where 𝐿𝑅
𝑇𝑒𝑚𝑝

 is the size of rear camera buffer. Similarly, 
the amount of data transmitted to permanent storage 
from the buffer of the front camera, 𝑇𝐹

𝑇𝑒𝑚𝑝(𝑡), is calcu-
lated as: 

𝑇𝐹
𝑇𝑒𝑚𝑝(𝑡) = {

𝑅𝐹 , If  𝑏(𝑡) = 1, 𝑄𝐹
𝑇𝑒𝑚𝑝(𝑡) =  𝐿𝐹

𝑇𝑒𝑚𝑝
,

0, If  𝑄𝐹
𝑇𝑒𝑚𝑝(𝑡) <  𝐿𝐹

𝑇𝑒𝑚𝑝
.

  (7) 

and 

𝑂𝐹
𝑇𝑒𝑚𝑝(𝑡) = {

𝑅𝐹 , If  𝑏(𝑡) = 0, 𝑄𝐹
𝑇𝑒𝑚𝑝(𝑡) =  𝐿𝐹

𝑇𝑒𝑚𝑝
,

0, If  𝑄𝐹
𝑇𝑒𝑚𝑝(𝑡) <  𝐿𝐹

𝑇𝑒𝑚𝑝
.

  (8) 

where 𝐿𝐹
𝑇𝑒𝑚𝑝

 is the size of front camera buffer. 
These formulas ensure an efficient buffer manage-
ment strategy by dynamically adjusting the buffer 
state based on the incoming data rate, the data trans-
mitted to permanent storage, and the discarded data. 
By maintaining the buffer state within the defined 
limits, the model supports seamless data flow while 
minimizing the risk of overflow or data loss, ensuring 
the system’s operational requirements are met. 

2.3 Permanent Storage 
The permanent buffer state, 𝑄𝑃𝑒𝑟𝑚(𝑡), evolves as 

follows: 
𝑄𝑃𝑒𝑟𝑚(𝑡) = 𝑄𝑃𝑒𝑟𝑚(𝑡 − 1) + 𝑇𝑅

𝑇𝑒𝑚𝑝(𝑡) + 𝑇𝐹
𝑇𝑒𝑚𝑝(𝑡). (9)                                                               

To prevent frame loss in the temporary buffers and 
ensure sufficient space for critical data to be stored in 
permanent storage, the constraint is expressed as: 
𝑄𝑃𝑒𝑟𝑚(𝑡) + 𝐿𝑅

𝑇𝑒𝑚𝑝
+ 𝐿𝐹

𝑇𝑒𝑚𝑝
≤ 𝐿𝑃𝑒𝑟𝑚 ,                        (10)                                                                        

where 𝐿𝑃𝑒𝑟𝑚 represents the total capacity of the per-
manent storage. 

3 SIMULATION RESULTS 
To evaluate the performance of the proposed system 
model, we conduct a series of simulations using real-
istic parameters and configurations. The key parame-
ters considered in our simulations are summarized in 
Table I. For each frame, the probability of distress is 
denoted as P. The simulation environment is designed 
to replicate real-world conditions, including varying 
vehicle speeds and road types. Speeds of 50 km/h and 
120 km/h are selected to represent typical driving 
conditions in Finland, corresponding to the speed lim-
its in built-up areas and on motorways, respectively, 
in accordance with standard traffic regulations. The 
values 𝑥 =  0 and 𝑥 =  4 correspond to scenarios with 
no additional context frames and retaining four con-
text frames, respectively. The cameras are configured 
to capture video at 30 frames per second (FPS) with a 
resolution of 1280×720 pixels. The front camera's vi-
sion range extends from 2 to 3 meters, while the 
RGBD rear camera, installed at a height of 0.5 to 1.5 
meters, faces the road surface. Additional configura-
tions include: 

• The permanent storage of RGBD images from 
the stereo vision camera might be nothing or two im-
ages (stereo) per each captured RGB image from the 
front camera, this is due to the fact that the distress 
might be at the edge of the road or out of vision range 
of the rear camera. 



• The storage of RGB images is always at least one 
for each detected distress. The front camera is config-
ured to store 1 min video frames in the buffer and then  
processed with the AI agent while the other video is 
still in record. That is to say, a 1 min processing time 
is ensured for the AI agent to detect the distress, map 
the detected frame to the RGBD images and store 
them in the permanent storage to free the buffer. 

 
Table 1.  Considered parameters in simulation. 

Parameters Value 
Vehicle speed 50 km/h, 120 km/h 
RGBD camera video frames 30 Frames Per Second 
RGB Resolution 1280 × 720 (pixels) 
Vision range 2 m to 3 m 
RGBD Depth Resolution  1280 × 720 (pixels) 
RGBD Maximum Range 10 m 
Size per frame 0.259 MB 
Other sensors data, GPS + En-
coder +Accelerometer 

maximum 25KB/minute 
(JSON format) 

Distress Probability in the road up to 50% of 100Km 
 
Figure 2 illustrates the required permanent storage 

for 100 km of road monitoring at different distress 
probabilities and vehicle speeds. The results show 
that the proposed algorithm significantly reduces the 
required storage compared to storing all data contin-
uously. At a vehicle speed of 50 km/h and a distress 
probability of 0%, the required permanent storage is 
minimal. As an example, at a distress probability of 
5% and a speed of 50 km/h, the proposed algorithm 
uses only one-third of the storage when x = 4 and as 
little as one-twentieth of the storage when x = 0, com-
pared to continuous storage. Moreover, as the distress 
probability increases, the storage requirement also in-
creases but remains lower than the case in which all 
data stored. For higher vehicle speeds (e.g., 120 
km/h), the storage requirements are slightly reduced 
due to fewer frames being captured per unit distance. 
The simulation results demonstrate the effectiveness 
of the proposed buffer management strategy in opti-
mizing storage utilization. By selectively storing 
high-resolution images of detected distress events and 
discarding non-critical data, the system can monitor 
longer road distances without exceeding storage lim-
its. Future research will explore strategies to elimi-
nate duplicate frames and optimize processing by cor-
relating vehicle speed with the pausing of processing 
and recording when the vehicle is stationary. 

4 CONCLUSION 

In this paper, we introduced a real-time road surface 
distress detection system designed to enhance road 
safety and optimize data storage for efficient infra-
structure maintenance. The proposed model employs 
a dual-camera setup, with an RGB camera at the front 
for continuous anomaly detection and an RGB-D 

camera at the rear to capture depth-enabled images of 
distress events. By leveraging a buffer management 
strategy, the system selectively stores only event-re-
lated frames along with pre- and post-event context, 
significantly reducing storage requirements without 
compromising critical data. This approach enables the 
analysis of extended road distances while maintaining 
comprehensive road condition monitoring. The 
model effectively addresses challenges in data fidel-
ity, latency, and storage optimization, making it a val-
uable tool for ITS. Future work will focus on integrat-
ing advanced machine learning techniques, such as 
generative AI, to enhance detection accuracy and ef-
ficiency. Additionally, real-world deployments will 
provide insights to further refine the system for prac-
tical applications. 
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1 INTRODUCTION 

Weigh-in-motion (WIM) is a primary technology for 
monitoring and collecting vehicle weights and axle 
loads on roadways. State and other highway agen-
cies collect WIM data for many reasons, including 
highway planning, pavement and bridge design, 
freight movement studies, motor vehicle enforce-
ment screening, and vehicle size and weight regula-
tory studies. Therefore, the data collected must be 
accurate and consistent with so many potential uses. 

Vehicle, site, and sensor characteristics can 
influence WIM accuracy considerably. These factors 
have an individual and a combined effect on the 
WIM measurements (Burnos and Rys 2017). The 
European road specification reports that WIM site 
characteristics influence vehicle motion behavior 
and may cause significant discrepancies between the 
impact forces and corresponding static loads (Glover 
and Newton 1991; Jacob 2000; Jacob and O'Brien 
1998; Jacob et al. 2000). Several other studies doc-
umented that regardless of the WIM system calibra-
tion, the WIM accuracy can deteriorate over time 
due to several factors, including temperature, pave-
ment roughness, and fatigue of load sensors (Burnos 
and Gajda 2016; Burnos and Rys 2017; 
Papagiannakis et al. 2001; Rys 2019). 

Pavement roughness, quantified through 
measures like the International Roughness Index 

(IRI), influences the dynamic interaction between 
vehicles and WIM sensors, potentially introducing 
errors in axle weight and gross vehicle weight meas-
urements. The Weigh-in-Motion (WIM) Roughness 
Index (WRI) is an important parameter used to eval-
uate the impact of pavement roughness on the accu-
racy and reliability of WIM systems. The WRI, in-
troduced in standards such as AASHTO M331-17, 
serves as a specialized metric to assess the suitability 
of WIM installation sites and their likelihood of pro-
ducing accurate data. Lower WRI values indicate 
smoother pavement sections that facilitate stable 
sensor performance, while higher values often corre-
late with increased variability in measurement preci-
sion and bias (AASHTO M331-17 Standard 
Specification 2017). 

Numerous studies have investigated the rela-
tionship between pavement roughness and WIM ac-
curacy. For instance, data from Long-Term Pave-
ment Performance (LTPP) studies reveal that 
smoother pavements generally exhibit lower error 
margins in WIM measurements. In contrast, rougher 
pavements exacerbate inaccuracies due to dynamic 
vehicle-sensor interactions (Selezneva and Wolf 
2017). Furthermore, site-specific analyses have 
shown that WIM systems installed on rough pave-
ments are more prone to weighing errors, necessitat-
ing more frequent calibration and maintenance 
(FHWA, 2018). These findings underscore the im-
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Quartz Piezo (QP) and Bending Plate (BP) sensors. Results indicate that no significant relationship between 
WRI and WIM measurement precision or total error based on the available data, suggesting that pavement 
roughness alone may not be a critical determinant of WIM accuracy. These findings underscore the need for 
further research to identify alternative factors influencing WIM measurement variability and improve system 
reliability under diverse road conditions. 



portance of evaluating pavement roughness during 
WIM site selection and system design to ensure data 
quality. 

WRI has emerged as an effective tool for 
identifying and managing these challenges. By de-
fining thresholds for acceptable and unacceptable 
levels of pavement roughness, the WRI enables en-
gineers to predict the potential impact of road condi-
tions on WIM system performance and to optimize 
sensor placement and calibration strategies (Guide 
2021).  

2 SCOPE 
This paper explores the relationship between 

pavement roughness and WIM (Weigh-in-Motion) 
measurement accuracy using the WIM Scale 
Roughness Index (WRI). The study utilizes data 
from 24 high-quality WIM sites included in the 
Long-Term Pavement Performance (LTPP) Specific 
Pavement Studies (SPS) Experiment, with Quartz 
Piezo (QP) and Bending Plate (BP) sensors. The 
WRI values for these sites were calculated using the 
ProVAL OWL module and categorized into thresh-
olds specified by AASHTO M331-17 standards.  

3 PAVEMENT SURFACE ROUGHNESS AND 
SENSOR TYPE  

The pavement surface roughness data collected in 
the vicinity of the WIM sites were used to analyze 
the effect of road roughness on the variability of 
WIM measurement errors. The longitudinal profile 
data for 600 ft (400 ft before and 200 ft after the 
WIM location) were used to calculate IRI values to 
investigate its impact on WIM accuracy. Table 1 
shows the descriptive statistics for IRI by sensor 
type and climate. Compared to AC pavements with 
quartz piezo sensors, higher average IRI values are 
observed for PCC pavements with bending plate 
sensors. 

Table 1. Descriptive statistics of IRI by sensor type and climate 

Variable Factor N Mean  SD Minimum Maximum 

Max IRI 
(in/mile)   

BP 11 271.7 42.9 139.0 513.0 
QP 13 253.3 67.4 50.0 743.0 
Dry 11 196.8 32.4 77.0 429.0 
Wet 13 316.7 67.6 50.0 743.0 

Note: All bending plate sensors were installed on PCC pave-
ments. 

 

4 WIM SCALE ROUGHNESS INDEX AND 
SENSOR TYPE  

The WRI indicates whether or not the pavement 
roughness will likely result in an acceptable level of 
weighing error (AASHTO M331-17 Standard 
Specification 2017). These indices were computed 

for the SPS WIM dataset using the Ride Quality and 
Optimum WIM Locator (OWL) modules of the Pro-
Val software (ProVAL User’s Guide 2001) using the 
available longitudinal profile data collected at WIM 
site locations. The WRI values were computed for 
the 40-meter (131 feet) WIM scale approach area 
and compared against the lower and upper threshold 
values for the Type I WIM scales specified in 
AASHTO M331-17 standard specification 
(AASHTO M331-17 Standard Specification 2017). 
The OWL software has been utilized for LTPP SPS 
TPF and SPS 10 sites since 2016. Lower and upper 
threshold values for the index for Type I WIM scales 
are 1.34 m/km (84.8 in./mi.) and 2.70 m/km (171.1 
in./mi.), respectively. Lower threshold values of 
WRI are those below which a system is likely to 
produce an acceptable level of weighing error. The 
upper threshold value of the index is above which a 
WIM system is expected to deliver an unacceptable 
level of weighing error. Values between the thresh-
old values may or may not produce an unacceptable 
level of weighing error. 

For LTPP SPS TPF and SPS 10 sites, 1673 profile 
sample points were collected at a sampling rate of 25 
mm within the 40-meter WIM scale approach area 
for each of the pavement profiler runs. These data 
were uploaded to ProVal, and the OWL module was 
used to compute WIM Scale Roughness Indices for 
the left and right wheel paths for each profile run. 
Average WRI values and maximum index values for 
each profile run's left and right wheel path were cal-
culated and compared to the acceptable threshold 
values. Additionally, the percentages of WRI values 
that exceed the lower and upper thresholds within 
the 40-meter section were calculated. The location 
of the maximum index was also obtained from each 
longitudinal profile data, and the distance between 
WIM location and the maximum WRI location was 
determined. The following variables related to WRI 
were used to evaluate their impact on WIM accuracy 
parameters: 

 
• Average WRI (m/km) 
• Maximum WRI (m/km) 
• Location difference between maximum 

WRI and WIM sensor (m) 
• Percentage of points >1.34 m/km WRI (%) 
• Percentage of points > 2.7 m/km WRI (%) 

 
Table 2 presents the descriptive statistics of the 

above five variables by sensor type based on the 
available data for high-quality LTPP WIM sites. It 
should be noted that WIM data measurement error 
variability for high-quality sites could be related to 
the variations in these WRI variables. Higher aver-
age and maximum values of WRI were observed on 
WIM sites with bending plates compared to quartz 
piezo sensors. These higher values of WRI are asso-



ciated with pavement types since all the bending 
plates are on PCC pavements, while quartz piezo 
sensors are installed in AC pavements. 

Table 2. Descriptive statistics of WRI related variables by sen-
sor type 

Variable Sensor N Mean Minimum Maximum 

Avg. WRI (m/km) 
BP 11 2.94 1.38 7.00 
QP 13 2.09 0.94 8.49 

Max. WRI (m/km) 
BP 11 6.14 2.30 15.03 
QP 13 5.10 1.78 27.84 

Loc. Diff. (m) 
BP 11 23.25 0.97 39.62 
QP 13 15.22 3.38 32.14 

P>1.34 (%) 
BP 11 0.87 0.47 1.00 
QP 13 0.50 0.05 0.89 

P>2.7 (%) 
BP 11 0.37 0.00 1.00 
QP 13 0.10 0.00 0.49 

Note: All BP are installed in PCC pavements, all QP are 
installed in AC pavements. 

 
The average and maximum WRIs were catego-

rized into three (≤1.34, >1.34, and <2.7, ≥ 2.7) and 
two (<2.7 and ≥ 2.7) ranges, respectively. Figure 1 
shows the 95% CI for standard deviation and total 
WIM error within different WRI categories. The re-
sults in Figure 1 show that average or maximum 
WRI does not significantly impact WIM precision 
and total error. Figure 2 presents the 95% CI for pre-
cision and total error based on WRI categories with 
an average percentile of the points less than or great-
er than 50 for the lower and upper WRI thresholds 
of 1.34 and 2.7 m/km. Based on the available data, 
the results show no significant difference in preci-
sions and total errors for different categories of 
WRI, at least for the sample of sites used in the 
analysis. Consequently, WRI may not explain the 
accuracy of WIM measurement based on the availa-
ble data.  

The effects of WRI on WIM accuracy, as 
mentioned above, were further examined within 
each sensor type and different climates, as shown in 
Figure 3. The results show that the average and 
maximum WRI for different sensor types and 
climates do not significantly impact the WIM 
precision, at least for the sample of sites used in the 
analysis. Based on available data, no consistent 
relationship between WIM measurement variability 
and WRI were observed for different sensor types 
and climates. 
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(d) Total error 

Figure 1. Impact of average and maximum WRI on WIM 
accuracy  
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(d) Total error 

Figure 2. Impact of low and high WRI percentile on WIM ac-
curacy  

5 CONCLUSION 

In conclusion, this study highlights that while varia-
tions in pavement roughness, as measured by the 
WIM Scale Roughness Index (WRI), exist across 
different sensor and pavement types, WRI does not 
significantly impact WIM measurement precision or 



total error, at least for the WIM sites analyses in this 
study. These findings suggest that pavement rough-
ness alone may not be a critical determinant of WIM 
accuracy. The study emphasizes the need for further 
research to identify alternative parameters or factors 
that could better explain WIM measurement varia-
bility and improve the reliability of WIM data under 
varying road conditions. 
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Figure 3. Impact of WRI on WIM accuracy by sensor type and 
climate [D: Dry, W: Wet] 
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1 INTRODUCTION 

1.1 Background 
Weigh in Motion (WIM) systems have been develop-
ing in order to improve the efficiency of traffic loads 
control. They may contribute to reduction of the num-
ber of overloaded vehicles and minimalize an adverse 
effect caused by vehicle overloading to road infra-
structure, which was discussed by Rys et. al. (2015). 
Although WIM technology has been in use for several 
years, its full potential has yet to be fully realized. The 
primary challenge remains the gradual loss of meas-
urement accuracy over time  (Adresi et al. 2024, Ma-
sud et al. 2023). The phenomenon arise from temper-
ature variations (Rys et.al., 2024) and the overly 
simplified treatment of stresses acting on the pressure 
sensor under the load of vehicle wheels (Burnos 
&Rys, 2017).  

The problem solution needs a deeper investigation 
of electrical signals induced in a piezoelectric axle 
load sensor mounted in asphalt mixture, which is the 
subject of this paper. Despite there are some previous 
studies presenting full-scale experimental testing of 
WIM sensors (Hornych et al., 2016) and WIM sensor 
modeling (Otto et al., 2017), there is still gap in labor-
atory-scale testing of asphalt mixture-load sensor sys-
tems and system modelling. 

1.2 Objective and Scope  
The paper presents preliminary tests of the newly de-
veloped laboratory stand of axle load sensor-asphalt 
mixture system. The main aim is to develop a numer-
ical model of the stand, perform computer simula-
tions of the laboratory test and compare them with la-
boratory measurements.  

2 STAND FOR LABORATORY TESTING 

The experimental stand included an asphalt mixture 
sample embedded with a Weigh-In-Motion sensor. 
Initially, the asphalt mixture (AC16, containing neat 

bitumen of grade 35/50) was placed in wooden molds 
and compacted using a roller. The resulting beam 
measured 1800 mm in length, 340 mm in width, and 
120 mm in thickness. After demolding, a groove 
measuring 72 mm in width and 70 mm in depth was 
cut along the center axis of the beam for WIM sensor 
installation. The sensor, of 1750 mm length, 44 mm 
width and 52 mm depth, was installed in the cleaned 
groove, with the remaining gaps filled using a resin-
silica sealing compound. The sample is placed on a 
steel plate of 10 mm thickness, matching the remain-
ing dimensions of the asphalt beam. The WIM sensor 
was connected to computers with specialized soft-
ware allowing for signal processing and data gather-
ing. The Universal Testing Machine UTM-130, 
which is equipped with hydraulic actuator  was used 
to load the system. Figure 1 presents a view on the 
laboratory stand. 
 

Figure 1. A view on a laboratory stand of axle load sensor – as-
phalt mixture system under loading in UTM-130 hydraulic 
press. 

 
The tests aimed to measure the voltage induced in the 
WIM sensor when subjected to a load transmitted on 
the asphalt specimen with the sensor. The results dis-
cussed in this paper have been obtained through load-
ing transmitted from the hydraulic press to the asphalt 
specimen using a round steel stamp of 109.2 mm di-
ameter. Three stress levels have been tested – 700, 
800 and 900 kPa. The loads were applied in series (for 
each stress level) of sinusoidal impulses with a dura-
tion of 100 ms and a rest interval of 11 s.  

Investigation of electrical signals induced in a piezoelectric axle load 
sensor mounted in asphalt mixture 

Dawid Ryś a), Przemysław Więckowski a), Magdalena Złotowska b), Paweł Tutka b) 
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caused with the capacitor discharge or other electric circuit effects. 

Asphalt mixture

Load applied 
with a steel plate

Axle load sensor

Resin-silica sealing compound

Steel plate



3 FEM MODELING OF THE SENSOR-
ASPHALT MIXTURE SYSTEM 

The numerical model of the experimental stand was 
created using the Finite Element Method (FEM) and 
the software Abaqus.  The geometry of the model cor-
responds to the specimen (beam) used in the labora-
tory test. Half of the beam was modelled using the 
symmetry of the system with respect to the x-z plane. 
The model consists of several elements - an asphalt 
layer, an axle load sensor made of piezoelectric ma-
terial, and a resin-silica sealing compound mass in 
which the sensor is embedded (Figure 2). A steel plate 
on which the asphalt mix beam is placed was also 
modelled. The possibility of sliding between the steel 
plate and the asphalt mix layer was assumed, and the 
defined contact prevents the surfaces of these ele-
ments from penetrating. Full continuity of displace-
ment between the elements was assumed for the seal-
ing compound, the sensor and the asphalt mixture. 
The steel stamp that the beam is loaded with has also 
been modelled with respect to the symmetry condi-
tions. 

Figure 2. FEM model of Axle Load Sensor – Asphalt Mixture 
System. 

 
The WIM (Weigh-In-Motion) sensor operates based 
on the unique piezoelectric properties of quartz-like 
materials, which couple mechanical and electromag-
netic phenomena. Specifically, the piezoelectric ef-
fect enables the material to convert mechanical stress 
into an electrical response, and conversely, an applied 
electric field induces mechanical strain. This dual 
functionality is described by the linear piezoelectric 
constitutive equations, where the stress tensor σij and 
strain tensor  ij are directly linked to the electric field 
Ei and electric displacement field qi. 

The mechanical and electromagnetic coupling is 
expressed through the piezoelectric constants, which 
define the material's response to external stimuli. Un-
der mechanical loading, stress generates an electric 
displacement field qi, which is proportional to the 
magnitude and direction of the stress. Simultane-
ously, the induced strain can alter the electric field 
distribution within the material. These interactions 
are governed by the linear relationships: 

( )ij ijkl kl mij md EC  = −  (1) 

jk ij ji ijk D Eq g = +  (2) 

where σij – stress tensor [MPa], Cijkl – stiffness ten-
sor at zero voltage [MPa], kl – strain tensor [-], dij – 
piezoelectric strain coefficient tensor [C/N], Em – 
electric field vector [V/m], qi – electric induction vec-
tor [C/m2], gmij – piezoelectric stress coefficient ten-
sor [C/m2], Dij – dielectric constant tensor [F/m]. 

These equations highlight the interplay between the 
mechanical and electromagnetic domains, essential 
for accurate modeling of WIM sensors. The mechan-
ical properties of the material are defined by the ten-
sor Cijkl. The tensors dijk and gijk describe the piezoe-
lectric properties of the material, the values of these 
tensors being mutually dependent. The material's me-
chanical properties are assumed to be isotropic and 
the electrical permeability is assumed to be isotropic, 
and the piezoelectric properties occur only in the z-
axis direction, induced by vertical stresses and hori-
zontal stresses along the x-axis. 

Table 1. Material properties of the WIM sensor. 

E [MPa] 
Poisson 
Coeffi-
cient [-]  

ρ 
[kg/m3] 

dzzz 
[C/N] dzxx [C/N] D [F/m] 

210000 0.3 7850 8x10-13 -3.2x10-13 1.77x10-8 
 

The deviatoric part of the stiffness tensor of the as-
phalt mixture was modeled as viscoelastic, while the 
spherical part was modeled as elastic. The viscoelas-
tic properties were considered using a five-branch 
generalized Maxwell model, which is implemented as 
a Prony series. The deviatoric part of the stiffness ten-
sor was assumed to exhibit viscoelastic behavior, and 
the spherical part was modeled as elastic. To deter-
mine the model parameters, stiffness master curves 
for the test section were used, assuming a constant 
temperature for the asphalt layers in each segment of 
the pavement. The relationship between the complex 
modulus and loading frequency is expressed by Equa-
tion (3). 

( )
2 2

*
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In Abaqus, the Maxwell model is defined using the 
dimensionless parameters gi and τ. The relationship 
between these parameters and the quantities of a 
Prony series is presented by Equations (4) - (6). The 
obtained parameter values and the root mean square 
error from fitting the master curve are presented in 
Table 2. To describe the temperature dependence, the 
Williams–Landel–Ferry model was used. The data 
were obtained from stiffness measurements at three 
temperatures (6°C, 20°C, and 40°C). A reference 
temperature Tr of approximately 20°C was adopted, 
and the parameters C1 of 9.436 and C2 of 55.338°C 
were determined.  
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Table 2. Maxwell Model parameters assumed for As-
phalt Mixture. 

E0 [MPa] g1 [1] g2 [1] g3 [1] g4 [1] 
17051 0.292 0.206 0.182 0.257 

ρ [kg/m3] τ1 [s] τ2 [s] τ3 [s] τ4 [s] 
2450 0.0002 0.2969 9.5496 0.0183 

 

Linear elastic properties are assumed for filler mass 
and steel. The material properties are summarised in 
Table 3. 

Table 3. Material parameters for Hooke's Model. 

Lp. Name 
Elastic 

Modulus 
[MPa] 

Poisson  
Coefficient 

[-] 

ρ 
[kg/m3] 

1 Steel 210000 0.3 7850 

2. 
Resin-sil-
ica sealing 
compound 

75000  0.3 2450 

 
Following the experiment, the beam was loaded with 
a steel stamp positioned at the center of the specimen. 
A sinusoidal time-varying load with a period of 100.0 
ms and a maximum stress from 700 to 900 kPa was 
assumed as in the experiment. 

A boundary condition specifying zero electric field 
potential on the lower surface of the WIM sensor is 
applied. The support has a width of 0.65 m and its 
center is under the load axis. The boundary conditions 
of symmetry with respect to the x-z plane were also 
applied in the system. 

The calculations were performed using the Dy-
namic Implicite procedure available in Abaqus, 
which considers the time variability resulting from 
the movement of the load and the viscoelastic mate-
rial properties. C3D8R and C3D8E finite elements 
were used. 

4 COMPARISON OF NUMERIC ANALYSIS TO 
INITIAL LABORATORY TESTS 

The numerical calculations provided the distribution 
of the electric field potential on the upper surface. The 
difference in potential between the lower and upper 
surfaces represents the electric voltage across individ-
ual points. The resulting potential distribution and the 

obtained vertical stresses for a pressure value of 900 
kPa are shown in Figure 3. 

Figure 3. Electric field potential and vertical stresses on the up-
per surface of WIM sensor. 

In practical measurement systems, signal processing 
circuitry often averages the observed electric poten-
tial to determine the effective voltage across the sen-
sor. This simplification facilitates the interpretation of 
sensor outputs and ensures consistency with the over-
all response of the measurement system. 

To calculate the averaged electric potential, the po-
tential distribution over the top surface of the piezoe-
lectric material was integrated. The resulting integral 
was divided by the total surface area of the electrode, 
yielding the area-averaged electric potential. This av-
eraged value represents the effective voltage between 
the upper and lower surfaces of the piezoelectric ma-
terial, where the lower surface potential is fixed at 
zero as a boundary condition. 

The computation of the averaged voltage utilized 
the electric potential values obtained from the nodes 
on the upper surface of the sensor. Each node was as-
signed the surface area closest to its location, effec-
tively partitioning the electrode surface. The averag-
ing process involved calculating the sum of the 
products of the potential values at each node and their 
corresponding surface areas. This sum was then nor-
malized by dividing it by the total surface area of the 
electrode. 

This approach is particularly justified in scenarios 
where the readout system inherently integrates spatial 
variations due to its design or during subsequent sig-
nal processing. Averaging also reduces the influence 
of local anomalies in the potential distribution, 
providing a robust and representative measure of the 
sensor's overall response.  The values of the averaged 
voltage over time, obtained from numerical calcula-
tions, are presented in Figure 4.  

Electric field potential Vertical stresses 



Figure 4. Average value of the electric field potential on the up-
per surface of the WIM sensor as a function of time at 900 kPa. 

As for the laboratory testing, the voltage in time val-
ues were obtained directly from the computer, being 
a part of the measuring system. For each loading cy-
cle, there was a separate file containing voltage and 
time information. An example of laboratory-meas-
ured voltage in function of time is shown in Figure 5. 

Figure 5. Example of measured voltage in function of time from 
laboratory testing of WIM sensor at 900 kPa. 

 
Due to the linear physical model, the shape of the 
voltage curve as a function of time closely resembles 
the shape of the applied load. The model does not ac-
count for the discharge of capacitors in the electrical 
circuit, which occurs in real measurement systems. 

Figure 6 illustrates the relationship between the 
maximum recorded or calculated voltage value and 
applied stress. The results obtained from numerical 
analysis show a very high degree of agreement with 
experimental measurements, also maintaining a linear 
characteristic of the relationship. 

Figure 6. A comparison between maximum voltage values and 
stress relation from laboratory testing of WIM sensor and corre-
sponding relation resulting from numerical analysis. 

5 CONCLUSIONS 

This paper provides a comprehensive representation 
of the axle load sensor system embedded in a mineral-
asphalt mixture, along with a comparison of electrical 
signal measured in experimental results with FEM 
analysis outcomes. 

The voltage change signal exhibits distinct charac-
teristics depending on whether it is derived from the 
FEM model or actual measurements. The FEM model 
produces results as an integrated electric potential 
field, whereas the axle load sensor measurement sys-
tem reflects a more complex response, primarily in-
fluenced by a discharge of capacitors in the electrical 
circuit. 

Nevertheless, the linear relationship between max-
imum values of voltage and applied stress were found 
both for laboratory testing results and corresponding 
numerical analysis.  

The developed model and research stand have 
great potential for conducting further research, in-
cluding the assessment of the influence of various 
factors, such as road surface temperature, contact 
stress at the tire-road interface or system fatigue. 

6 REFERENCES 

Adresi, M., Abedi, M., Dong, W., & Yekrangnia, M. 2024. A 
review of different types of weigh-in-motion sensors: State-
of-the-art. Measurement, 225, 114042. 

Burnos, P., & Rys, D. 2017. The effect of flexible pavement me-
chanics on the accuracy of axle load sensors in vehicle 
weigh-in-motion systems. Sensors, 17(9). 

Hornych , P., Simonin , J. M., Piau , J. M., Cottineau , L. M., 
Gueguen , I., & Jacob , B. 2016. Evaluation of weight in mo-
tion sensors on the IFSTTAR accelerated testing facility. The 
roles of accelerated pavement testing in pavement sustaina-
bility: Engineering, environment, and economics (pp. 671–
684). 

Masud, M. M., Haider, S. W., Selezneva, O., & Wolf, D. J. 2023. 
Representative weigh-in-motion (WIM) system accuracy 
and guidelines for equipment selection based on sensor, site, 
and calibration-related factors. International Journal of 
Pavement Research and Technology, 17, 732–749. 

Otto, G. G., Simonin, J.-M., Piau, J. M., Cottineau, L. M., 
Chupin, O., Momm, L., & Valente, A. M. 2017. Weigh-in-
motion (WIM) sensor response model using pavement stress 
and deflection. Construction and Building Materials, 156, 
83–90. 

Rys, D., Więckowski, P., Wasilewska, M., & Dołęga, C. 2024. 
Impact of accuracy of weigh-in-motion data for pavement 
analysis and design: influence of temperature variations. 
Road Materials and Pavement Design, 1–18. 

Rys, D., Judycki, J., & Jaskula, P. 2015. Analysis of effect of 
overloaded vehicles on fatigue life of flexible pavements 
based on weigh in motion (WIM) data. International Journal 
of Pavement Engineering, 17(8), 716–726. 

-0,15

-0,10

-0,05

0,00

0,05

0,10

0,15

0,00 0,05 0,10 0,15 0,20

V
ol

ta
ge

 [V
]

Time [s]

0,103
0,116

0,130

0,101

0,115

0,129

0,08
0,09
0,10
0,11
0,12
0,13
0,14
0,15

700 800 900

V
ol

ta
ge

 [V
]

Stress [kPa]

109.2 mm (lab) 109.2 mm (FEM)

0,103
0,116

0,130

0,101

0,115

0,129

0,08
0,09
0,10
0,11
0,12
0,13
0,14
0,15

700 800 900

V
ol

ta
ge

 [V
]

Stress [kPa]

109.2 mm (lab) 109.2 mm (FEM)

0,103
0,116

0,130

0,101

0,115

0,129

0,08
0,09
0,10
0,11
0,12
0,13
0,14
0,15

700 800 900

V
ol

ta
ge

 [V
]

Stress [kPa]

109.2 mm (lab) 109.2 mm (FEM)
Laboratory tests
FEM results



1 INTRODUCTION 

This paper presents the development and testing of a 
low-cost, novel sensing system designed to detect 
and classify wide-base tire (WBT) types, determine 
their distributions, and estimate the tire widths and 
wheel wander of passing vehicles. The system's use-
fulness in data collection for pavement analysis and 
design applications is also demonstrated. The focus 
of this work is on the development of the sensor 
within the context of WIM systems, leveraging pie-
zoelectric sensors. The principle of piezoelectricity, 
discovered by Pierre and Jacques Curie in the late 
19th century, as noted by Mason (1981), enables 
these sensors to generate electrical signals in re-
sponse to mechanical pressure, as described by More 
& Kapusetti (2017). When a vehicle passes over the 
sensor, the weight of its tires compresses the piezoe-
lectric elements, producing unique electrical signals. 
These signals, characterized by features such as am-
plitude and duration, reflect the force and weight ex-
erted by the tires. Falconi (2019) notes that these 
sensors collect real-time data on vehicle weight, 
speed, and axle configuration when embedded with-
in the road surface. As a vehicle traverses the WIM 
system, it records portions of the load and converts 
these into electrical voltage signals, as outlined in 
ASTM E1318 (2009). Piezoelectric sensors are ideal 
for precise measurements, given their high sensitivi-
ty to mechanical force. 

Similar to conventional WIM systems, this new 
sensor is designed to operate at highway speeds, 
minimizing traffic disruptions compared to static 

systems, as noted by Sivakumar et al. (2011). Piezo-
electric sensors often face harsh environmental con-
ditions and wear, and to enhance their longevity and 
reliability, they are typically protected with methods 
such as rubber shielding. This approach involves 
covering the sensors with materials that provide in-
sulation against mechanical shocks and environmen-
tal factors. Patrick & Maher (2009) emphasize that 
choosing rubber material is crucial for ensuring ade-
quate protection.  

While WIM systems classify vehicles based on 
axle count, axle spacing, and vehicle weight, con-
ventional vehicle classifiers use only axle count and 
spacing for classification, as Hallenbeck et al. (2014) 
highlighted. Similarly, the developed system effec-
tively classifies vehicles using axle count and spac-
ing alone. 

The Traffic Monitoring Guide (TMG, 2022) rec-
ommends collecting vehicle classification counts for 
at least 48 continuous hours. Extending counts be-
yond 48 hours is even more beneficial, providing a 
more comprehensive dataset on traffic volumes by 
vehicle class. 

This work aims to design and develop a system 
that measures dynamic tire forces, tire widths, vehi-
cle classification, and wheel wander within a lane. 
The design incorporates piezoelectric sensors in 
rubber strips positioned in each traffic lane. These 
sensors detect voltage fluctuations caused by tire 
pressure on each axle, enabling accurate estimation 
of tire widths, wheel wander, and vehicle classifica-
tion.  

Low-cost sensing system for measuring tire width, wheel wander & 
vehicle classification 
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ABSTRACT: This paper presents a low-cost, pressure sensor-based system designed for real-time monitoring 
of tire widths, vehicle classifications, and wheel wander in highway traffic. By integrating sensors encased in 
rubber strips across lanes, the system captures voltage signals generated by the tires of passing vehicles. 
These signals facilitate tire width estimation, axle-based vehicle classification, and wheel wander measure-
ment. Tested on US127 in Mason, MI, the system demonstrated high accuracy in vehicle classification, show-
ing minor errors compared to Weigh-in-Motion (WIM) data and achieving a weighted error of 1.54%. This 
innovative approach provides essential data for pavement analysis and traffic monitoring, offering a reliable, 
minimally invasive solution adaptable for continuous traffic data collection.  



2 DATA COLLECTION 

The design incorporates a pressure sensor encased 
within a protective rubber strip in each traffic lane. 
This encasement shields the sensors from direct traf-
fic loads and safeguards them against various envi-
ronmental conditions, such as moisture, temperature 
fluctuations, and debris, thereby enhancing sensor 
longevity and accuracy. The system ensures con-
sistent data collection for accurate traffic monitoring 
and vehicle classification.  

 An array of pressure sensors encased in rubber is 
positioned along the anticipated wheel path in the 
outer highway lane. When vehicle tires contact the 
strip, the mechanical force activates the sensors, 
generating a voltage output that peaks when the tire 
is fully positioned on the strip. As the tire gradually 
moves off the rubber contact area, these voltages de-
crease, ultimately returning to zero, as shown in 
Figure 1, which depicts the passage of a 5-axle vehi-
cle. When tires make contact, multiple sensors are 
activated. By counting the number of activated sen-
sors for each tire, the tire width can be estimated by 
multiplying this count by the sensor width and the 
spacing between sensors. Wheel wander is assessed 
by measuring the distance from the lane edge to the 
first sensor activated by the tires of the passing vehi-
cle. 
 

 
 
Figure 1. Voltage output for 5-axle vehicle. 

 
The refined LTPP WIM rule set, proposed by 

Hallenbeck et al. (2014), was used for vehicle classi-
fication. The LTPP classification rules utilize axles, 
spacing, gross vehicle weight (GVW), and front axle 
weights to differentiate between certain vehicle clas-
ses. However, the FHWA report states that vehicle 
classification can also be performed based solely on 
axle count and spacing, as discussed by Hallenbeck 
et al. (2014).  

For the collection of the data, a 40-foot-long strip 
was installed adjacent to a WIM site on US127 in 
Mason, MI, across the road width for five days, as il-
lustrated in Figure 2, to collect vehicle passage data 
for classification based on axle count, wheelbase, 

and wheelbase ranges, along with tire width and 
wheel wander estimation. The sensors were connect-
ed to a PCB linked to a Raspberry Pi-based device, 
and a portable solar power source powered the entire 
system. The adhesive was used to secure the strip 
firmly to the road surface to minimize noise in the 
voltage outputs. Data from the WIM system was 
used to verify the sensor's accuracy in classifying 
vehicles. 

 

 
 
Figure 2. Strip laid across the road width at US 127, Mason, 
adjacent to a WIM system. 

3 DATA ANALYSIS 

The collected voltage data was processed using a 
developed algorithm that applies the refined LTPP 
classification rule set for vehicle classification while 
estimating tire widths and wheel wander for passing 
vehicles. 

3.1 Tire Width 
Figure 3 illustrates the distribution of tire widths 
among passing vehicles. The data shows that 58.9% 
of vehicles had tire widths between 4 and 10 inches, 
12.9% between 10 and 12 inches, 22.1% between 12 
and 15 inches, 6.1% between 15 and 17 inches, and 
only 0.1% exceeded 17 inches. The high concentra-
tion of vehicles with tire widths primarily within the 
4-10 inch range suggests a predominance of passen-
ger cars and small trucks in the observed traffic 
flow. These findings align with general traffic pat-
terns on similar road types, where lighter, narrower-
tired vehicles constitute the majority of traffic, 
providing valuable insights for infrastructure plan-
ning and pavement wear analysis. 
 



 
 
Figure 3. Tire width distribution. 

 
The model also demonstrated its ability to classify 

tire widths within Class 9 vehicles, distinguishing 
wide-base tires from standard options. This level of 
detail in tire width classification is essential for ac-
curate vehicle profiling and further analysis. As 
shown in Figure 4, the results indicate that a majori-
ty, 80.4%, of identified tires fall within the 10–15 
inch width range, while 19.1% are wide-base tires in 
the 15–17 inch range, representing a smaller seg-
ment with intermediate widths. Notably, only 0.5% 
of classified tires exceed 17 inches, underscoring the 
rarity of such broad tires within this vehicle class. 
This categorization highlights the model's effective-
ness in refining the tire dimension classification 
framework, which could be integral to enhancing 
vehicle type assessments and related applications in 
transportation studies. 

 

 
 
Figure 4. Tire width distribution for class 9 vehicles. 

3.2 Vehicle Classification 
The model further categorized vehicles based on ax-
le count and wheelbase ranges. Out of 20,499 identi-
fied vehicles, 69.23% were classified as Class 2, 
8.59% as Class 5, 10.63% as Class 9, and 1.73% as 
Class 13, among other classifications. Vehicles clas-
sified as Class 5 and above were compared to the 
WIM data. Figure 5 shows the vehicle classification 
distribution according to the WIM system and the 

prototype sensor. A comparative analysis of data 
from both sources, presented in Table 1, reveals mi-
nor misclassifications for primary classes, including 
Class 5, Class 9, Class 10, Class 12, and Class 13. 
However, significant classification errors occurred 
in Class 7, resulting in an overall weighted error rate 
of 1.54%.  
 

 
Figure 5. WIM & sensor data. 

 
Table 1. Comparison of WIM & sensor data. ______________________________________________ 
Type     WIM Data  Sensor Data  Error 

 (%) ______________________________________________ 
Class 5    1720     1712    0.14 
Class 6    339     289    1.03 
Class 7    140     30     9.04 
Class 8    402     349    1.08 
Class 9    2131     2191    1.03 
Class 10   576     663    1.33 
Class 11   16      18     0.03 
Class 12   10      12     0.03 
Class 13   344     328    0.03 
Total     5678     5592    1.54 

 
The model was also implemented for daily vehi-

cle classification, enabling continuous monitoring 
and categorization of traffic. The classification out-
comes were compared to data obtained from the 
WIM system to validate its performance. The analy-
sis revealed a high degree of alignment between the 
model's classifications and the WIM data, with only 
minimal discrepancies observed across daily classi-
fications. These minor deviations underscore the 
model's accuracy and reliability in replicating WIM's 
established classifications. Figure 6 provides a de-
tailed illustration of these deviations, showing the 
extent of alignment and highlighting the model's ro-
bustness in maintaining classification accuracy over 
an extended period. The strong correlation between 
the model's results and the WIM data underscores 
this approach's potential for scalable, real-time vehi-
cle classification in traffic management and analysis. 
 
 
 



 
Figure 6. WIM & sensor data (per day). 

3.3 Wheel Wander 

The model also calculated wheel wander for all ve-
hicles relative to the edge of the road, revealing de-
viations from the anticipated wheel path, as shown 
in Figure 7. The mean deviation was 28.95 inches, 
with a standard deviation of 7.95 inches. This distri-
bution pattern, approximating a normal distribution, 
suggests that most vehicles adhered closely to the 
anticipated wheel path, with only minor deviations. 
These findings indicate relatively stable and predict-
able driving behavior among the observed vehicles. 

 

 
 
Figure 7. Distribution of wheel wander. 

4 SUMMARY OF THE RESULTS 

This study presents a cost-effective system utilizing 
pressure sensors to monitor tire widths, vehicle clas-
sifications, and wheel wander in real time. Installed 
in traffic lanes, these sensors generate voltage sig-
nals as tires pass over them, providing valuable data 
for vehicle classification and pavement analysis. 
Tested on US127 in Mason, MI, the system effec-
tively classifies vehicles based on axle count and 
spacing, with minimal deviations from conventional 
WIM data and a weighted error rate of 1.54%. Re-
sults indicate that most vehicles maintain stable 

wheel paths, with minimal wheel wander observed. 
Tire width data reveals a predominance of smaller 
tires, with larger widths primarily found in Class 9 
vehicles. This system offers a reliable alternative to 
WIM for continuous traffic data collection, which is 
especially advantageous for high-speed, minimally 
invasive monitoring.  

The developed system effectively captures accu-
rate traffic data at a low cost, supporting its potential 
for extended monitoring of vehicle characteristics on 
highways. Integrating pressure sensors with a pro-
tective rubber casing enhances durability, while so-
lar power enables self-sustaining functionality. For 
future improvements, we recommend increasing 
sensor resolution to reduce classification errors, par-
ticularly among closely grouped classes. Additional-
ly, incorporating vehicle weight in the classification 
process could enhance accuracy. Expanding the sys-
tem to cover multiple lanes would provide a more 
comprehensive traffic dataset. To optimize robust-
ness and accuracy across diverse regions and cli-
mates, broader field testing is suggested under vary-
ing traffic and environmental conditions. 
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1 INTRODUCTION 
Autonomous driving technology is extensively re-
searched across various disciplines, including vehi-
cle engineering, transportation engineering, and 
computer science. In recent years, the focus of au-
tonomous driving research has primarily been on 
AV design, navigation and localization, external en-
vironment sensing, path planning, and vehicle dy-
namics control (Parekh et al., 2022). However, stud-
ies addressing the comfort and health aspects of 
autonomous driving have been relatively limited. To 
enhance ride comfort and mitigate the risk of motion 
sickness and potential vibration damage to humans, 
it is crucial to guide and control the movement of 
AVs from the perspective of the passengers. 

Human-vehicle coupling models are essential for 
studying ride comfort, motion sickness, and the po-
tential vibration-related damage to human organs 
during travel. Desai (Desai et al., 2021) created a 12-
DOF seated human-nonlinear seat cushion-full vehi-
cle model and explored the sensitivity of a multi-
compression damper with an inclined damper-seat 
suspension system. Song (Song et al., 2023) devel-
oped a fully coupled human-vehicle model using 
CarSim software and MATLAB/Simulink, and as-
sessed ride comfort through the generalized poly-
nomial (gPC) method. While extensive research has 
been conducted on the dynamics of both human and 
vehicle models, most studies primarily focused on 
evaluating ride comfort and its impact on vehicle 

motion. For passengers, assessing ride comfort alone 
is inadequate. 

In summary, for advanced autonomous driving 
technology, it is essential to further explore ride 
comfort, motion sickness, and the potential risk of 
vibration-related injuries from the passenger’s per-
spective to guide AV operation. To address this, an 
18-DOF 3D passenger-vehicle coupled vibration dy-
namics model was developed. This study offers a 
theoretical foundation for intelligent decision-
making and control of AVs with a focus on passen-
ger well-being. 

2 THEORETICAL DERIVATION AND MODEL 
CONSTRUCTION 

2.1 Modeling 3D passenger-vehicle coupling 
vibration 

To accurately represent the human vibration during 
the ride, a 3D passenger-car coupling vibration 
model was developed by integrating the vibrations 
of various parts of the seated human body and the 
entire vehicle, as shown in Figure 1. 

A 3D elastic roller contact tire model was em-
ployed (Wang et al., 2023). The system’s vibration 
equations were derived from classical structural dy-
namics theory, as shown in Equation 1. 

The central difference method was used to solve 
these equations. Parameters for both the passenger 
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and the car were based on previous studies (Wang et 
al., 2023, Taskin et al., 2018). 

 
Figure 1. 3D passenger-vehicle coupled vibration model. 

 

 (1) 
where M = mass matrix; C = damping matrix; K = 
stiffness matrix; U = Unknown matrix. F = External 
Force Matrix. 

2.2 Ride comfort model and evaluation index 
The ride comfort calculation method followed the 
international standard ISO 2631-1 (ISO, 1997). 
Overall Vibration Total Value (OVTV) was selected 
as the evaluation index and the comfort threshold 
was derived from existing research (Wang et al., 
2023). 

2.3 Motion sickness model and evaluation index 
According to the ISO 2631-1 standard, the motion 
sickness index (MSI) was used to assess passenger 
motion sickness. MSI is expressed in percentage, 
representing the proportion of individuals in a popu-
lation likely to experience vomiting due to motion 
sickness. 

2.4 Analysis and Evaluation Methods of Potential 
Vibration Damage to Human Organs 

During the driving process, passengers will be ex-
posed to vibrations, and if the vibration frequency 
matches or closely resembles the natural frequency 
of human organs, resonance will occur, amplifying 
the risk of potential vibration-related damage. By 
analyzing the time-domain vibration curves of dif-
ferent organs, the power spectrum was calculated us-
ing the direct method to obtain the vibration re-
sponse in the frequency domain. By comparing the 
external vibration frequency of different parts of the 
human body with the natural frequency, the impact 
of vibration on human organs could be analyzed. 
The natural frequencies of each organ were derived 
from existing research (WIĘCKOWSKI, 2012, 
Ruoxun et al., 2019, Fan et al., 2021). 

3 RESULTS AND DISCUSSION 

3.1 Model comparison and verification 
To verify the accuracy of the 3D passenger-vehicle 
coupled vibration model, a traditional 3-DOF quarter 
vehicle model (Wang et al., 2023) was used. 

The condition involved two vehicles traveling at 
80km/h on a Class C roughness pavement, and the 
vehicle vibration responses are shown in Figure 2. 

 

 
Figure 2. The verification of vehicle vibration response. 

 
As shown in Figure 2, the time-domain curves of 

vehicle vertical acceleration obtained from both 
models were highly consistent, fluctuating within the 
range of -4~4m/s2. The root-mean-square value of 
vehicle vibration acceleration calculated using the 
3D model was 0.865m/s2, while the root-mean-
square value of the traditional model was 
0.8685m/s2, yielding a relative error of only 0.4%. 
Therefore, the accuracy of the model proposed in 
this study could be proved. 

3.2 Ride comfort analysis 
Using the comfort indicators OVTV and correspond-
ing thresholds, the results of the ride comfort evalua-
tion are shown in Figure 3. 

 

 
Figure 3. Ride comfort evaluation. 

 
As could be seen from Figure 3, the influence of 

pavement roughness and speed on comfort was ob-
vious. During autonomous driving, to ensure optimal 
ride comfort, it should be crucial to adjust the driv-
ing speed according to the condition of the road sur-



face. It is recommended to maintain the pavement 
roughness at Class A to enhance passenger comfort. 

3.3 Motion sickness analysis 
Motion sickness is influenced by pavement rough-
ness, driving speed, and travel time. The analysis of 
passenger motion sickness under different conditions 
of pavement roughness, speed, and travel time is 
shown in Figures 4~6. 

 

 
Figure 4. Motion sickness evaluation with different pavement 
roughness. 

 

 
Figure 5. Motion sickness evaluation with different driving 
speeds. 

 

 
Figure 6. Motion sickness evaluation with different travel 
times. 

 
As shown in Figure 4, when the road length and 

speed were held constant, the worse the pavement 
roughness was, the more likely it was to cause mo-
tion sickness in humans. Additionally, the lower the 
speed, the more obvious the motion sickness caused 
by pavement roughness. 

As can be seen from Figure 5, driving speed had 
little impact on motion sickness, indicating that 
speed was not a direct contributor to motion sick-
ness. 

It could be seen from Figure 6, that the MSI had a 
linear relationship with travel time at a given speed. 

3.4 Analysis of potential vibration damage to 
human organs 

The results of the vibration power spectrum for each 
human organ under varying pavement roughness and 
different speeds are shown in Figures 7~9. 

 

 
Figure 7. Acceleration power spectrum for A-level pavement 
roughness. 

 

 
Figure 8. Acceleration power spectrum for B-level pavement 
roughness. 

 

 
Figure 9. Acceleration power spectrum for C-level pavement 
roughness. 

 
As could be seen from Figures 7~9, the power 

spectrum of different parts of the human body 
changed in the corresponding natural frequency 
range with the increase in speed and the deteriora-
tion of pavement roughness. Organs including the 
upper arm, heart, lungs, torso, kidneys, and pelvis 
showed minimal changes. In contrast, the head, 
stomach, liver, and lumbar spine experienced more 
noticeable changes, especially the biggest impact on 
the stomach, followed by the lumbar spine. For vari-



ous pavement roughness, the power spectrum value 
would increase significantly when the speed exceed-
ed 100km/h. Therefore, it is recommended to main-
tain the driving speed below 100km/h to minimize 
the risk of vibration-related damage to human or-
gans. 

4 CONCLUSIONS 

(1) Ride comfort was primarily influenced by pave-
ment roughness and driving speed. Therefore, during 
autonomous driving, a suitable driving speed should 
be chosen based on the pavement roughness. 
(2) Motion sickness was affected by pavement 
roughness and driving time, but not significantly by 
speed. Therefore, the duration of the ride should be 
adjusted according to the road surface condition dur-
ing autonomous driving to reduce the risk of motion 
sickness. 
(3) Vibration had a great significant impact on the 
head, stomach, liver, and lumbar spine, with the 
stomach and lumbar spine being the most affected. 
(4) Based on the analysis of ride comfort, motion 
sickness, and potential vibration damage to human 
organs, it was recommended to maintain the pave-
ment roughness at Class A and control the driving 
speed below 100 km/h during autonomous car op-
eration. 
(5) In further investigations, the impact of AVs 
changing speed based on detecting road surface de-
fects on ride comfort and motion sickness should be 
further considered. This would enhance the applica-
bility and generalizability of the findings. 
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5.1 
SUSTAINABLE AND RESILIENT 
PAVEMENTS AND MATERIALS 



1 INTRODUCTION 

The use of PMAs has significantly improved pave-
ment performance by enhancing the mechanical and 
thermal properties of asphalt binders. Polymers, when 
added to asphalt, improve their elasticity, reduce brit-
tleness, and increase its resistance to deformation, 
leading to more durable pavements (Airey 2003). 
Among these polymers, SBS is one of the most com-
monly used due to its ability to simultaneously in-
crease the elasticity and stiffness of the asphalt. This 
combination makes SBS particularly effective in im-
proving the binder’s resistance to cracking, rutting, 
and temperature-induced stresses, making it suitable 
for regions with diverse weather conditions and high 
traffic volumes (Huang and Tang 2015; Jiang et al. 
2017). 
    Despite their proven effectiveness, conventional 
SBS-modified PMAs, which typically contain 3-5% 
polymer by weight of asphalt, sometimes fall short in 
more demanding applications, such as heavily traf-
ficked expressways, ports, airports and areas with ex-
treme weather conditions (Greene et al. 2014; Rajan 
et al. 2023). To address these limitations, researchers 
developed HiMA, which is characterized by a higher 
polymer content (>7% by weight of asphalt) (Four-
nier 2010). 

HiMA has emerged as a transformative material in 
the field of pavement engineering, offering superior 
resistance to fatigue, rutting, and thermal degradation, 
making it a more robust solution for high-demand 
pavement applications (Diefenderfer et al. 2018; Hab-
bouche et al. 2020). Its enhanced properties not only 
extend pavement service life but also significantly re-
duce maintenance requirements. 

Traditionally, HiMA has been characterized and 
identified primarily through FM imaging, where the 
occurrence of phase reversal - a distinctive morpho-
logical change indicating a high degree of polymer 
modification - served as the defining criterion (Var-
gas-Nordcbeck and Musselman 2021). While FM im-
aging provides valuable insights into the microstruc-
tural behavior of asphalt, this approach does not fully 
capture the broader performance attributes and prac-
tical implications of HiMA in real-world applications. 

This study aims to redefine the classification and 
characterization of HiMA by incorporating a more 
comprehensive set of measurable properties, includ-
ing softening point, penetration values, and PG Grad-
ing under both unaged and short-term aged (STA) 
conditions. By analyzing these performance-based 
parameters, the research examines the specific SBS 
content or range of SBS content at which PMA tran-
sitions into HiMA, offering a deeper and more 

Redefining HiMA: An Approach to Performance Based Characterization 

M. Bhardwaj, P. Kumar, & N. Saboo
Indian Institute of Technology, Roorkee, Uttarakhand, India 

ABSTRACT: Highly Modified Asphalt (HiMA) represents an advanced evolution of Polymer-Modified As-
phalts (PMAs), engineered to meet the demands of high-stress pavement applications. Incorporating higher 
dosages of Styrene-Butadiene-Styrene (SBS) polymer, HiMA offers enhanced resistance to rutting, fatigue, and 
thermal degradation, surpassing the performance of conventional SBS-modified PMAs. Traditional methods of 
identifying HiMA, such as Fluorescence Microscopy (FM), rely on detecting phase reversal but fail to encom-
pass broader performance attributes relevant to real-world applications.This study proposes a more holistic 
approach to HiMA classification, focusing on measurable parameters like softening point, penetration values, 
and Performance Grading (PG) under various aging conditions. By quantifying the SBS content necessary for 
significant PG shifts, the research establishes a clearer understanding of the transition from PMA to HiMA. 
These insights provide a robust framework for correlating SBS content with asphalt performance, bridging gaps 
in scenarios where only PG temperatures are specified, and enhancing the practical application of HiMA. 



comprehensive understanding rather than relying 
solely on FM. 

The study also establishes a quantitative relation-
ship between SBS content and PG shifts, addressing 
critical questions such as the amount of SBS required 
to achieve a 6°C change in PG grade or determining 
the PG value that corresponds to a specific SBS con-
tent in the modified asphalt. This approach helps 
bridge the gap in cases where only PG temperature is 
specified, rather than the SBS content, ensuring a 
more comprehensive understanding of asphalt prop-
erties. 

2 MATERIALS AND SAMPLE PREPARATION 

2.1 Materials 
The materials used in this study include VG40 bitu-
men, a viscosity grade binder commonly used for 
highway paving in India, sourced from Tiki Tar and 
Shell Bitumen Industries. For modification, a linear 
SBS polymer (SBS LG-501 S) from LG Chem Indus-
tries and a locally sourced sulfur additive were em-
ployed to enhance the binder's performance and facil-
itate polymer cross-linking. Physical properties of 
VG40 are shown in Table 1. 

 
 Table 1.  Properties of base binder, VG40. ______________________________________________ 
Property                                   Value         ______________________________________________ 
Penetration, 25°C, 0.1 mm                   38 
Softening Point, °C                             55.3 
Absolute Viscosity, 60°C, Pa-s              389.6 
High Temperature PG                            PG 70 
True High Fail Temperature, °C            74.6 _____________________________________________ 

2.2 PMA Preparation 
In this study, SBS copolymer was incorporated into 
the base binder to produce SBS-modified asphalt. The 
SBS copolymer was added at dosages of 2%, 4%, 6%, 
8%, 10% and 12% by weight of the base binder. Mix-
ing occurred at a binder temperature of 180°C with a 
shear rate of 4200 rpm for 90 minutes, followed by a 
period of low shear (288 rpm) for another 90 minutes. 
Additionally, Sulphur (0.15% by weight of base 
binder) was introduced at the beginning of the low 
shear mixing phase to prevent phase separation of 
polymer and asphalt. Sulphur has a cross-linking 
property that connects polymer molecules, enhancing 
the stability of modified asphalt. 

3 METHODOLOGY 

The methodology adopted in this study is illustrated 
in Figure 1. 

 
 

 
Figure 1. Methodology chart of the study. 

4 EXPERIMENTAL PROGRAM 

4.1 Storage Stability 
The storage stability of SBS-modified asphalt was 
evaluated as per ASTM D7173, using 32 mm × 160 
mm aluminum tubes stored vertically at 163 °C for 48 
hours. After freezing and sectioning the samples, Sof-
tening point difference (∆SP) and G*/Sinδ ratio be-
tween the top and bottom sections were measured, 
with stability criteria of ∆SP < 2.5°C and 0.8 < 
G*/Sinδ ratio < 1.2. 

4.2 Tests on Modified Asphalt 
Conventional tests, including softening point and 
penetration, were conducted on unaged SBS-modi-
fied samples, along with High PG Grading tests using 
Dynamic Shear Rheometer (DSR) on both unaged 
and short-term aged (STA) samples. PG grading fail-
ure was observed when G*/Sinδ fell below 1 kPa for 
unaged samples and 2.2 kPa for STA samples. 

5 RESULTS AND DISCUSSIONS 

5.1 Storage Stability 
The storage stability testing of SBS-modified VG40 
binders demonstrated uniform polymer dispersion at 
all tested doses. Both lower and higher SBS dosages 
(10% and 12%) showed ∆SP and G*/Sinδ ratio within 
acceptable limits (∆SP < 2.5°C and 0.8 < G*/Sinδ ra-
tio < 1.2), confirming good storage stability and com-
patibility as shown in Figure 2 and Figure 3. These 
findings indicate effective blending and dispersion of 
SBS polymer without any phase separation. This 



compatibility arises from the similar chemical nature 
of SBS and the base binder, enabling stable intermo-
lecular interactions and uniform distribution. 
 
 

 
Figure 2. Softening point difference (∆SP) 
 

Figure 3. G*/Sinδ ratio values. 
 
5.2 Conventional Tests 
Penetration and softening point tests were performed 
on both modified and unmodified asphalt samples. At 
25°C, penetration decreased with increasing SBS 
content, with a less pronounced reduction observed in 
the 6% to 8% range due to the formation of a spatial 
network structure that limits asphalt flow as shown in 
Figure 4. This phase marks the transition from con-
ventional SBS-modified asphalt to HiMA. Beyond 
8% SBS content, penetration decreased more signifi-
cantly due to the enhanced stiffness and elasticity pro-
vided by HiMA. 
 
 

 
Figure 4. Penetration test results. 
 

The addition of SBS modifier raises the softening 
point of asphalt binders, improving their high-temper-
ature performance and stability as shown in Figure 5. 
At lower SBS dosages (<6%), the improvement in 
softening point values is minimal because the asphalt 
phase remains continuous, and the SBS phase is dis-
persed within it. As SBS content increases to 6–8%, 

the softening point rises moderately due to the emer-
gence of a critical co-continuous phase, where both 
SBS and asphalt phases coexist. However, this state 
is unstable as the proximity between SBS particles 
and asphalt micelles reduces, weakening the interface 
layer. Beyond 8% SBS content, the structure transi-
tions to a continuous SBS polymer phase with asphalt 
dispersed within, significantly increasing softening 
points due to SBS-dominated properties. This transi-
tion phase (>8% SBS content) with significant soften-
ing point enhancement can be classified as HiMA. 
 
 

 
Figure 5. Softening point test results. 
 
5.3 PG Grading Test 
PG grading tests were performed on both unaged and 
STA samples to evaluate their performance. For the 
unaged samples, an increase in SBS content was ob-
served to correspond with a rise in the pass/fail tem-
perature as illustrated in Figure 6. However, within 
the transition phase (6-8% SBS content), this increase 
became stagnant. This stagnation is consistent with 
observations from the softening point and penetration 
tests, which suggest a weakening of the interface 
layer. 

 
 

 
Figure 6. Unaged PG Grading results. 
 

Beyond the transition phase, a steep increase in the 
pass/fail temperature was noted for SBS contents ex-
ceeding 8% as seen from Figure 7. This significant 
improvement suggests that the phase beyond the tran-
sition can be classified as HiMA. 

Figure 7 also reveals that for SBS content up to 
4%, a 6°C change in pass/fail temperature requires the 
addition of 2% SBS. However, during the transition 
phase, the pass/fail temperature increase becomes 
constant. Once the HiMA phase is reached (8% SBS 
content), the first 2% increase in SBS content results 



in a steep rise of 7°C in pass/fail temperature, which 
then returns to a 6°C rise for a subsequent 2% SBS 

 
 

 
Figure 7. Increase in Pass/Fail temperature for unaged samples. 
 
additions. This result can be used to determine the ap-
propriate amount of SBS to add in order to achieve a 
desired PG value. 

PG grading tests conducted on STA samples 
showed a consistent increase in pass/fail temperature 
with rising SBS content, as illustrated in Figure 8. 
This trend aligns with the observations from earlier 
tests. However, at 12% SBS content, a decline in 
pass/fail temperature was observed compared to 10% 
SBS, indicating that STA contributes to the degrada-
tion of SBS polymers. This highlights the existence 
of an optimal SBS content limit. To improve the per-
formance and longevity of HiMA binders, further re-
search should focus on their aging behavior and re-
sistance to degradation. 

 
 

 
Figure 8. STA PG Grading results. 

6 CONCLUSIONS 

Based on the analysis of the results, the following 
conclusions can be drawn: 
• All SBS-modified asphalts were found to be stor-

age stable, with each meeting the acceptable lim-
its for softening point difference and G*/Sinδ ra-
tio. This indicates good dispersion and 
compatibility of SBS with asphalt. 

• As SBS content increased, penetration decreased 
and the softening point increased. However, dur-
ing the transition phase (6-8% SBS content), the 
changes in penetration and softening point values 
became stagnant, signaling the transition from 
conventional SBS-modified asphalt to HiMA. 

• PG grading results for unaged samples also re-
vealed a transition phase (6-8% SBS content), 

after which the pass/fail temperature increased 
significantly, indicating the formation of HiMA. 
This aligns with the findings from the penetration 
and softening point tests. 

• A 6°C increase in pass/fail temperature was ob-
served for every 2% increase in SBS content, ex-
cluding the transition phase from conventional 
SBS-modified asphalt to HiMA. This conclusion 
will be helpful in determining the optimal SBS 
content required to achieve the desired PG value. 

• For STA samples, the pass/fail temperature in-
creased, consistent with the results of other tests. 
However, at 12% SBS content, a decrease in 
pass/fail temperature was observed, likely due to 
SBS degradation. This highlights the need for fur-
ther investigation into the aging behavior of 
HiMA. 
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1 INTRODUCTION 
Life cycle assessment of asphalt binder shows sig-
nificant CO2 and GHG emissions. Lignocellulosic 
biomass and biowaste have been explored as alterna-
tive sustainable resources for asphalt binder re-
placement that can substantially reduce these emis-
sions. Biomass is initially chemically treated to 
convert into compounds with a similar composition 
as that of the asphalt binder. The thermochemical 
conversion process is the most effective method for 
converting biomass into biobased carbonaceous ma-
terials. Past studies have performed pyrolysis and 
hydrothermal liquefaction on plant-based and waste 
biomass to obtain bio-oil as a replacement for as-
phalt binder. Literature survey indicates mixed per-
formance results of bio-asphalt binder (with a re-
placement up to 40%). Due to the softening of the 
base binder with the use of higher dosage of bio-oil, 
polymer modification of the bio-asphalt has also 
been explored in a few studies (He et al. 2020; Al-
Sabaeei et al. 2020).  
Biomass condensate obtained from a gasifier facility 
was used in this study as a partial replacement of as-
phalt binder. In general, a gasifier facility is used for 
syngas production from biobased feedstock such as 
lignocellulosic, bio-waste, or other carbonaceous re-
sources. They are sustainable production systems for 
producing clean and green alternative forms of ener-
gy over fossil fuel-based natural resources. The gasi-
fier operates at high temperatures of 800°C to 
1100°C for biomass conversion into sustainable re-
newable energy in the presence of oxygen. The feed-
stock is initially pretreated for moisture removal. 
The gasifier operates through a series of physico-
chemical processes occurring inside the reactor, such 
as combustion reaction, pyrolysis, cracking, reform-
ing, oxidation, and reduction producing gas and char 
as primary products. Other than syngas and char 
production, higher production temperatures lead to 
the formation of a byproduct. This condenses on the 

reactor bed after cooling the gasifier. Gasifier con-
densate is a combination of heavy metals, oil, fly 
ash, tar, and low-carbonaceous materials. The con-
densate is recovered as a mixture of water during the 
cleaning process of the gasifier. The composition of 
the gasifier condensate is widely dependent on feed-
stock source, operating conditions, and gasifier type.  
In this study, gasifier condensate of pine needle bi-
omass was investigated as a potential replacement 
for asphalt binder. The bio-asphalt binders were pre-
pared by replacing the base binder with 5%, 10%, 
15%, and 20% bio-condensate (by weight of the 
base binder).  The bio-condensate and the prepared 
bio-asphalt binder were characterized using Fourier 
Transform Infrared (FTIR) spectroscopy to identify 
the chemical composition of the condensate and the 
bio-asphalt binder. Thermal stability, mass loss, and 
residue analysis were performed on the prepared 
bio-asphalt using Thermogravimetric Analyzer 
(TGA). The aging performance of the bio-asphalt 
binder was further investigated using physical, rheo-
logical, and chemical analysis. Finally, morphologi-
cal investigations were performed using AFM to un-
derstand the interaction between base binder and 
bio-condensate at different aging conditions.  

2 EXPERIMENTAL STUDIES 

2.1 Bio-asphalt production 
A VG-40 binder, as per IS 73-2013, was used as the 
base binder in this study. The condensate obtained 
from the gasification process was heated initially at 
a controlled temperature of 150°C to remove water. 
Volatiles and lightweight compounds also get re-
moved with water at this temperature. The recovered 
condensate had a homogeneously viscous oily tex-
ture. The dewatered bio-condensate was added to the 
preheated asphalt binder at 135°C. (Zhang et al. 
2020). The condensate and the asphalt binder were 
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mechanically mixed with a stirrer rotating at 1500 
rpm for 20 mins to prepare the bio-asphalt binder. 
Low blending temperatures were considered for bio-
asphalt production to ensure that the inherent proper-
ties are not affected by the production temperatures. 
The homogeneity of the produced bio-asphalt binder 
was assessed visually.  

2.2 FTIR analysis 
FTIR spectroscopy can be used to evaluate the func-
tional groups and compounds present in any materi-
al. The quantification of the compounds present in 
the asphalt binder is typically performed by calculat-
ing the indices of the functional groups and com-
pounds. Carbonyl (C=O) and sulfoxide (S=O) indi-
ces are generally used to quantify aging in the 
asphalt binder (refer to Equations 1 and 2). The 
samples in this study were tested using the KBr pel-
let method. Sample solutions were prepared using 
CS2 as a solvent and 10 microliters of the sample so-
lution was drop casted on the KBr pellet to test using 
the FTIR spectroscopy (Bora & Das 2020, 2021). 32 
scans were performed per sample to obtain the ab-
sorbance spectra. 4 cm-1 resolution was used during 
the experiment. 

              (1) 

               (2) 

2.3 TGA analysis 

The temperature stability and mass loss of the bio-
asphalt binder can be analyzed using a thermograv-
imetric analyzer. The decomposition kinetics and the 
degradation behaviors of asphalt binders at higher 
temperatures were investigated using the TGA. For 
TGA analysis, around 10 mg of binder sample was 
tested from 30°C to 800°C under inert conditions at 
a heating rate of (10°C) ⁄min.  

2.4 AFM analysis 

Images of the base binder and the bio-asphalt binder 
were captured using the PeakForce Quantitative Na-
nomechanics (QNM) mode of scanning. Catan-
aphase, periphase, and paraphase are the three phas-
es of asphalt binder identified using the AFM. 
Sometimes waxes are identified as a fourth phase 
and are observed as a bright phase on the AFM im-
ages. In this study, AFM imaging was performed on 
the base binder and bio-asphalt binders to identify 
the wax content and the phase changes on modifica-
tion and aging (Das et al. 2016, Yu et al. 2016). A 
force of 272μN was applied on the cantilever probe 

having a spring constant 40.41 N⁄m and a tip radius 
of 64.56 nm for the QNM mode of scanning. 

2.5 Physical properties 

The softening point (SP) (ASTM D36/D36M-14) 
and the high-temperature true fail (T/F) temperature 
(AASHTO 2017) of the binders were evaluated for 
the unaged binder, short-term aged (STA) binder, 
and long-term aged (LTA) binder. The short-term 
aging index (STAI) was calculated using the values 
of SP and T/F temperatures. Long-term aging index 
(LTAI) was also determined using the SP values. 
The mathematical definition of the aging index is 
presented through Equation (3). Similarly, the FTIR 
chemical indices were used to study the susceptibil-
ity of the binders to aging.  

  (3) 

3 ANALYSIS AND RESULTS 

The values of SP and the T/ F temperatures are pre-
sented in Table 1 and Table 2, respectively. In gen-
eral, with aging, the SP of all the binders increased. 
Irrespective of the type of binder, the increase in SP 
after STA and LTA was found to be approximately 
5°C and 18°C, respectively. Addition of bio-
condensate led to marginal reduction in the SP. With 
increase in the dosage of the bio-condensate, the SP 
values were found to reduce. Interestingly, these re-
sults of T/F temperature were not in agreement with 
the results of SP. At 15% and 20% replacement, the 
bio-asphalt binder showed significant increase in 
stiffness after STA. In other words, at higher re-
placement dosages, the bio-asphalt binder may be 
more prone to aging. More studies are required to 
explain the difference in the results of SP and T/F 
temperature. 
Table 1. Softening point (SP) of binders. 
 VG-40 5% 

rep 
10% 
rep 

15% 
rep 

20% 
rep 

Unaged (UA) 52.5 51 50.9 50.8 50.8 
STA  58.5 59.1 58.4 57.1 55.6 
LTA  71.2 70.4 70.2 69.1 69.3 
 

Table 2. High temperature PG and T/F temperature. 
 VG-

40 
5% 
rep 

10% 
rep 

15% 
rep 

20% 
rep 

UA Fail Temp 82 76 76 76 76 
P/F Temp 76.3 72.4 72.2 72.1 70.7 

ST
A  

Fail Temp 82 82 82 118 118 
P/F Temp 80.5 81 80.4 117.9 117 

 

Figure 1 represents the peaks in the fingerprint re-
gion of the FTIR spectra of the 5% bio-asphalt bind-
er in different aging conditions. Similar peaks pre-



sent in the bio-oil was observed in the bio-asphalt 
binder. However, amines, ester, ether, anhydrides, 
and substituted aromatic compounds were not ob-
served in the asphalt binder. Also, the -OH groups 
and the compounds formed due to presence of the 
hydroxyl compounds are absent in the bio-asphalt 
binder (refer to Figure 1). S=O formation, which 
typically occurs on aging, is observed at 1060 cm-1. 
Cyclic compounds such as cyclic alkenes, cyclic am-
ides, and aromatic compounds with C=O groups i.e., 
amide, lactam, and carboxylic acid are observed to 
be present in both bio-asphalt binder and bio-oil. On 
short-term aging no peak degradation is observed in 
peaks between 1560 cm-1 and 1760 cm-1. However, 
on long-term aging the peaks due to the cyclic com-
pounds, amides, acids, unsaturated ketones decom-
pose. -OH compounds also decompose on aging ob-
served form the peak at 3440 cm-1. On the contrary, 
no degradation is observed in the alkene peaks at 
1647 cm-1 and 1654 cm-1 on aging.  
 
 
 
 
 
 
 
 
 
 

 
Figure 1. 5% bio-asphalt binder spectra on aging. 
Figure 2 shows the C=O indices of the bio-asphalt 
binders and VG-40. C=O generally increases on ag-
ing, as observed for all the binders. The C=O values 
of 5% bio-asphalt binder are higher than VG-40 and 
decrease with the increase in the bio-condensate per-
centage. The decrease in C=O values is the rejuvena-
tion effect of the bio-asphalt binder. The unsaturated 
ketones, amides, and acids containing C=O decom-
pose on biomodification using gasifier bio-
condensate, leading to occurrence of such effect. 
Similar results were observed for long-term aged 
S=O, as presented in Figure 3. The S=O decomposes 
for the higher bio-condensate percent, i.e., the bio-
condensate reduces S=O formation after STA and 
LTA.  However, an increase in S=O was observed 
with the percent increase in bio-condensate. 

 
 
 
 
 
 
 

 

 

 
Figure 2. C=O index of bio-
asphalt binder. 

 
Figure 3. S=O index of bio-
asphalt binder. 

3.1 Aging Index 
The chemical indices obtained using FTIR were cor-
related with the binder's physical properties. Good 
correlation is observed between the SP and C=O in-
dex after STA. Similarly, good correlation between 
T/F temp and C=O index after STA was seen. Good 
correlation is observed between SI and SP for STA 
samples, but a poor correlation was obtained be-
tween the SI and SP after LTA. This is due to S=O 
decomposition reactions at higher temperatures. Ad-
ditionally, poor correlation between the SI and the 
T/F temp is observed after STA. The R2 value for all 
the correlation analysis is presented in Table 3. In-
consistencies in correlations under different aging 
conditions and between different material properties 
require further investigations. 
Table 3. Correlation values  of the chemical indi-
ces with the physical properties. 
 STAI LTAI 
CI vs SP 0.94 0.80 
SI vs SP 0.98 0.83 
CI vs PG 0.92 - 
SI vs PG 0.80 - 

3.2 TGA analysis 
Figure 4 represents the TGA decomposition graph of 
the base binder and the bio-asphalt binders. A two-
step decomposition graph was observed for the bio-
asphalt binder whereas, a one-step decomposition 
graph was seen for the base asphalt binder. The mass 
loss observed for all the asphalt binders follows a 
similar reaction path and is found to vary from 85% 
to 88%. The first stage decomposition was observed 
at 116°C for the 5% bio-binder, which decreases to 
110°C for the 20% bio-binder. The decomposition 
for the base asphalt binder was found to be approxi-
mately 239°C for the base asphalt binder. The sec-
ond stage decomposition temperature increased on 
asphalt replacement to 291°C and decreased with the 
bio-condensate replacement percentage to 275°C. 
Similar results were observed with the final decom-
position temperatures at both the decomposition 
stages for all the binders.  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Thermogravimetry (TGA) graph 



3.3 AFM analysis 
The AFM images of the base asphalt binder showed 
three distinct phases on the binder surface (refer 
Figure 5). The three phases observed in asphalt 
binder, i.e., catena phase (bee structures), periphase, 
and paraphase can be identified distinctly on the 
base asphalt binder surface. Bee structure agglomer-
ation can be observed for the LTA binders due to the 
increase in the asphaltene structures. In the case of 
the bio-asphalt binders only two phases can be iden-
tified. Also, the bee structures appear to dissolve in 
the periphase. This is due to the increase in the light-
er components in the bio-asphalt binder due to the 
presence of bio-condensate. Also, asphaltene deag-
glomeration occurs in the bio-asphalt binder as the 
periphase and the catanaphase disintegrate due to the 
rejuvenation effect of the bio-asphalt binder.  The 
restoration effect is also indicated by the C=O indi-
ces, which decrease with the increase in replacement 
percentage. Morphologically, the base binder struc-
ture is affected due to the replacement with the gasi-
fier bio-condensate. Further investigations are re-
quired to assess the effect of the morphological 
changes on the binder performance. 

  
 
 
 
 
 

 

Unaged VG 30 STA LTA 
   

 
 
 
 
 

Unaged 5% rep. 5% rep. STA 5% rep. LTA 
Figure 5. Morphological images of the binders through AFM. 

4 CONCLUSIONS 

This study investigated the characterization of bio-
condensate replaced asphalt binder chemically using 
FTIR and TGA. Physical properties were measured 
and correlated with the chemical indicators. Also 
imaging studies were performed to investigate the 
morphological changes due to the addition of bio-
condensate. Following conclusions were drawn: 
• The SP reduced by 2°C on replacement up to 20% 

using gasifier bio-condensate. Similarly, the high 
temperature PG reduced by one grade up to 20% 
replacement. 

• The CI and SI aging indices from FTIR showed a 
good correlation with the aging indices of the 
physical properties. 

• Although moisture decomposition is observed in 
the TGA graphs from the bio-condensate replaced 
binders, the thermal stability of all the bio-
condensate replaced binders increased.  

• Removal of moisture occurs from the bio-asphalt 
binders on aging. This was observed from the -
OH values and from TGA graphs. This is due to 
higher -OH compounds in the bio-condensate.  

• The bio-condensate also has a rejuvenation effect, 
decreasing the C=O index. This was observed 
from the bee structure deagglomeration images 
from AFM morphological studies. 

This study establishes the use of condensate from 
gasifier as a potential biobased material for asphalt 
binder replacement. The characterization studies on 
bio-condensate replaced binders up to 20% shows a 
potential for replacement of asphalt binder with the 
pine needle gasifier condensate. Further investiga-
tions on bio-asphalt binder rheology and perfor-
mance evaluation of the bio-condensate replaced as-
phalt mixtures are required to explain the potential 
of gasifier condensate as a sustainable replacement 
of asphalt binders in the future. In addition, the po-
tential for the use of gasifier condensate as a recy-
cling agent for RAP binders can be further explored. 
 
Acknowledgment 
The authors would like to thank Ministry of Roads 
Transport and Highways (MoRT&H), India, for 
supporting the project (RS/IITRoorkee/2023-
24/S&R (P&B)-03).  
REFERENCES 
Al-Sabaeei A. M., et al. 2020. A systematic review of bio-

asphalt for flexible pavement applications: Coherent taxon-
omy, motivations, challenges and future directions, J.  
Clean. Prod., 249, 119357 

ASTM D36/D36M-14. (2014). Standard test method for sof-
tening point of bitumen. ASTM International. 

AASHTO M 320. 2017. Standard Specification for Perfor-
mance-Graded Asphalt Binder. Washington, DC. 

Bora B., & Das A. 2020. Estimation of binder quantity in bina-
ry mixture of asphalt binders. Transp. Res. Proc., 48, 3756–
3763.  

Bora B., & Das A. 2021. Blending of RAPM samples with vir-
gin binder: A study using FTIR spectroscopy. IOP Conf. 
Ser.: Mat. Sci. and Engg., Malaysia, 1075, 012016. 

He L. et al. 2023. Biomass valorization toward sustainable as-
phalt pavements: progress and prospects, J. Waste Manag., 
165, 159–178. 

IS:73. 2013. Paving bitumen - specification. New Delhi, India, 
Bur. Indian stand. Indian standards institution, (1–4). 

Rosyidi S.A.P et al. 2022. Physical, chemical and thermal 
properties of palm oil boiler ash/rediset-modified asphalt 
binder, Sustain., 14(5), 3016.  

Das P. K., Baaj H., Tighe S., & Kringos N. 2016. Atomic force 
microscopy to investigate asphalt binders: A state-of-the-art 
review. Road Mater. Pavement, 17(3), 693–718. 

Yu X., Burnham N. A., & Tao M. 2015. Surface microstructure 
of bitumen characterized by atomic force microscopy, Adv. 
Coll. Int. Sci., 218, 17–33. 

Zhang X. et al. 2020. Preparation of bio-oil and its application 
in asphalt modification and rejuvenation: A review of the 
properties, practical application and life cycle assessment, 
Constr. Build. Mater., 262, 120528. 



1 INTRODUCTION 
The resource relevance of the construction industry 
in Germany is considerable. According to previous 
experience, a fundamental renewal of the municipal 
road is necessary approximately every 30 to 60 
years, depending on the road category. Asphalt sur-
face courses have the shortest service life of up to 20 
years. However, it can be assumed that the renewal 
cycles and service live will become shorter in the fu-
ture due to increasing stresses on the road surface 
(e.g. increased volume of heavy traffic, climate 
change) [1]. Due to its thermoviscous properties, as-
phalt as a construction material is excellently suited 
for reuse or recycling. The technical regulations re-
quired for this are available in principle with corre-
sponding limits for the addition of asphalt granulate 
(AG). 
However, the authors are not satisfied with these 
limits and therefore want to investigate, among other 
things, the question: How much more reuse of as-
phalt beyond the current German regulations is pos-
sible in practice today and in the future? Since the 
reuse of asphalt (granulate) has already been an in-
tegral part of the asphalt cycle for many years, it is 
foreseeable that rejuvenators will represent an im-
portant building block in the reuse of asphalt in the 
future, which will also enable the highest possible 

reuse rates with consistently high quality in the long 
term [2]. 
Within the scope of previous projects and contribu-
tions about rejuvenators [3] [4], a large number of 
positive aspects have already been identified. Fur-
ther questions have subsequently arisen from the re-
sults of the projects to date: 
• Is it possible to increase the amount of AG added
without negatively affecting the quality?
• Does it generally make sense to use rejuvenators -
even with low amounts of AG?
• Can the use of rejuvenators generally improve the
quality or extend the service life?
These questions should be answered practically in
several construction projects.

2 PREPARATION (PLANNING STEPS) 
In January 2020, the idea of building test sections 
with an increased addition of asphalt granulate in the 
asphalt base course and the asphalt surface course 
was discussed for the first time between the con-
struction company and the city of Münster. This will 
only succeed if there is close coordination between 
all parties involved in the project (construction com-
pany, asphalt mixing plant, test laboratory, client). In 
the initial meeting between the asphalt mixing plant, 
the testing laboratory and the client in March 2020, 
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the project objectives and implementation were dis-
cussed and fixed. With regard to the objectives, a 
concept was developed to carry out comparative 
tests on an asphalt base course AC 22 TN and on an 
asphalt surface course AC 11 DN with varying pro-
portions of asphalt granulate and in each case with 
and without rejuvenator. 
Two roads (1-Feuerstiege, 2-Hartmannsbrook) have 
been selected as pilot sections by the Department for 
Mobility and Civil Engineering of the City of Mün-
ster. The construction length in both cases is approx. 
2 km. While up to 50 % asphalt granulate was used 
in the asphalt surface course (3 cm, AC 8 DN) of the 
Feuerstiege with and without the addition of a reju-
venator, the proportion of asphalt granulate in the 
asphalt base course (6 - 8 cm, AC 22 TN) of the 
Hartmannsbrook was increased to up to 80% - also 
with and without the addition of a rejuvenator. 

3 TESTING METHODOLOGY AND TESTING 
PROGRAMME 
At the beginning of April 2020, suitable asphalt 

granulates were available from the asphalt mixing 
plant in sufficient quantities for the project. Analo-
gous to the preparation of the preliminary initial 
tests by the asphalt mixing plant, the base bitumen 
and the asphalt granules were tested in the laborato-
ry of Engineering Company PTM Dortmund mbH. 

Within the scope of these tests, the addition quan-
tity of the rejuvenator was to be determined and 
specified by means of physical and rheological bind-
er tests for the different variants of the asphalt wear-
ing course AC 8 D N and the asphalt base course AC 
22 T N by laboratory methods: 

• Asphalt base course AC 22 T N with 50 % as-
phalt granulate 

• Asphalt base course AC 22 T N with 80 % as-
phalt granulate 

• Asphalt top layer AC 11 D N with 20 % asphalt 
granulate 

• Asphalt top layer AC 11 D N with 50 % asphalt 
granulate. 

A road bitumen 70/100 was specified as an addi-
tion binder for all variants and a road bitumen 50/70 
as the target binder. VIATOP® plus RC was used as 
rejuvenator. For the determination of the individual 
binder proportions, i.e. addition binder 70/100, re-
covered binder from asphalt granulate and rejuvena-
tor, reference was made to the preliminary initial 
tests and to the previous findings of the mode of ac-
tion of the rejuvenator (Additive 2.0 from [5]). 

For the project, different asphalt granulates were 
used for each of the two asphalt wearing courses AC 
8 D N and the asphalt base course AC 22 T N. The 
addition of the rejuvenator was determined based on 
the preliminary initial tests. The addition quantity 
was determined classically via softening point ring 
and ball and rheologically via the BTSV method. 

Based on the bitumen analyses carried out, the addi-
tion quantities of the rejuvenator were determined 
for the individual asphalt mix variants and incorpo-
rated into the corresponding initial tests. 

4 RESULTS 
Due to the limited number of pages, only a small 

excerpt of the results is presented here. 

4.1 Performance Control Tests and initial 
interpretation of the results 

During the control tests, four asphalt cores were 
taken from each test area or asphalt variant and ana-
lysed in the laboratory together with the correspond-
ing asphalt mix sample (bucket sample).  

The evaluation of the control tests of the trial 
patches regarding the asphalt wearing course vari-
ants shows that compaction levels of ≥ 98 % could 
be determined at all five test points/test patches of 
the asphalt wearing course. Due to the uniformly 
high values (between 99.6 % and 100.6 %) of the 
variants with asphalt granules, the sole consideration 
of the compaction degrees does not allow a mean-
ingful differentiation. In contrast, variant 5 of the 
asphalt surface courses (without asphalt granulate), 
with 98.0%, shows sufficient compaction according 
to the regulations, but is clearly below the other var-
iants in the overall assessment. The results for the 
void content of the paved layers are analogous to the 
compaction levels. 

For the evaluation of the binder parameters sof-
tening point ring and ball, the limit values of ZTV 
Asphalt-StB 07/13 (recovered binder) and (informa-
tively) the limit values according to TL Bitumen-StB 
07/13 (fresh binder) were used. Based on the results, 
both the influence of the asphalt granulates, and the 
influence of the rejuvenator used can be identified. 
Basically, it can be stated that all variants are within 
the limits for a road bitumen 50/70 as defined in 
ZTV Asphalt-StB 07/13. A more differentiated anal-
ysis of the results shows that the variants with 0 % 
asphalt granulate, with 20 % asphalt granulate and 
Rejuvenator and the variant with 50 % and Rejuve-
nator all lie within the grade range of a fresh road bi-
tumen 50/70. The tested equi-stiffness temperatures 
T further support this fact. The phase angle δ is also 
positively influenced by the Rejuvenator used in the 
direct comparison of the variants.  

If the results of the asphalt base course are con-
sidered, a very high level of compaction of greater 
than 100% is shown overall across all six test patch-
es. A direct influence by the Rejuvenator could not 
be detected at this point, i.e. purely measured by the 
final compaction. The increased proportion of as-
phalt granules, on the other hand, leads to a slight 
foamed bitumen effect, which in turn has a positive 



effect on the compaction properties of the asphalt 
mixture, partly due to the higher residual moisture.  

In relation to the limit values of ZTV Asphalt-StB 
07/13, the softening points ring and ball are clearly 
exceeded in the variants with 80 % and 50 % asphalt 
granulate (box 3.2). Especially for variant 2 (80% 
AG with rejuvenator), the effect of the rejuvenator 
can be clearly seen by the reduction of the softening 
point ring and ball by 10.6°C. Based on the two var-
iants with 50 % asphalt granules and the one with 
60% asphalt granules, it is also possible to recognize 
the sometimes very high fluctuations in the binder 
qualities of the asphalt granules. At this point, too, 
the classical binder characteristic is again confirmed 
by the rheological investigations (here equi-stiffness 
temperature T). At higher addition rates of asphalt 
granules, the positive influence of the rejuvenator on 
the phase angle is also evident. For the asphalt vari-
ants with 50 % and 80 % asphalt granules, the phase 
angle is increased on average between 1.3° and 3.3°. 

4.2 Performance-Tests 
On each variant, the test variables compliance Jnr 

and recovery R were determined using the MSCR 
test according to the AL DSR test (MSCRT). For all 
asphalt variants, a higher addition of asphalt gran-
ules leads to a higher percentage recovery R. This is 
due to the higher degree of hardening of the bitu-
men. This is due to the higher degree of hardening of 
the bitumen, as the corresponding bitumen are still 
primarily assigned to the visco-elastic range regard-
ing the deformation behavior at the test temperature 
of 60°C. The addition of the rejuvenator results in a 
higher percentage recovery R for all asphalt variants. 
The addition of the rejuvenator reduces the propor-
tion of recovery, so that the deformation behavior 
increasingly shifts into the viscous range and the 
proportion of yielding Jnr or plastic deformations in-
creases. The test results therefore show an approxi-
mation of both test variables to the properties of the 
recovered base bitumen 50/70 (test field 5 of the test 
section "Feuerstiege") when using the rejuvenator. 
This does not show any recovery (R = 0 %), since in 
the test temperature range the plastic aggregate state 
has already been reached and a completely viscous 
behavior with a compliance of Jnr = 2.956 kPa-1 is 
present. 

From the test results it can be deduced that, on the 
one hand, a higher addition quantity of asphalt gran-
ules leads to a larger recovery R and, on the other 
hand, that this effect can be compensated by the ad-
dition of the rejuvenator. In this case, the recovery R 
decreases and the compliance Jnr increases. Thus, 
the expected development towards the rheological 
behavior of the pure reclaimed road bitumen can be 
deduced, which, according to the present compara-
tive investigations, exhibits a recovery R → 0.0%. 
Furthermore, it can be seen from the test results that 

the effect of the rejuvenator and thus the associated 
influence on the reclaim/yield increases up to a cer-
tain point with the addition percentage of the asphalt 
granulate. Thus, for the AC 8 D N, a reduction in re-
covery R of ≈ 22% at 20% AG and of ≈ 80 % at 50 
% AG was determined. The bituminous binder from 
the asphalt base courses shows a reduction of the de-
formation between approx. 80 % and 90 % for the 
variants with 50 % to 80 % AG. 

5 CONSEQUENCES FOR MAINTENANCE 
MANAGEMENT, CASE STUDY MÜNSTER 
A maintenance strategy for the Münster road 

network has been developed from the German regu-
lations and the experience of the Münster construc-
tion administration. The useful lives of asphalt 
pavements are shown separately by layer, and these 
values can be used to estimate the time periods for 
rehabilitation measures. The service lives of the un-
bound base courses determine the total service life 
of the pavement. In addition, considering the 
maintenance work listed in the regulations, the costs 
for road maintenance over the life cycle are as fol-
lows.  If depreciation is also considered from the 
costs of the initial or replacement investment, the 
price for providing the road is obtained (cf. [8, 9]). 

 
 
 
 
 

 
 
 

 
Figure 1: Price development with constant and variable total 
useful life 

 
The price is very dependent on the length of the 

service life, so that the road authorities should be in-
terested in using high should be interested in using 
high-quality and durable construction methods for 
the respective type of use or stress.  As an example, 
it is assumed that the service lives of the layers can 
be increased by improved material properties of the 
asphalt by 25%, 50%, 100%, 150%. The effect of 
these service life extensions is represented by the re-
sulting price changes for the provision of the road.  

Figure 1 compares the effects of a constant total 
service life of 40 years on the one hand and an ex-
tension of the total service life of up to 80 years cor-
responding to the extension of the service life of the 
individual layers on the other hand. With constant 
total useful life (GND), the price can be reduced by 
up to 34%, which results only from the reduction in 
repair costs due to the elimination of repair measures 
because of longer useful lives of the layers. In the 
case of variable total useful life, the price can be re-
duced by up to 54%, which results from the reduc-



tion in repair costs and from the distribution of re-
pair costs and production costs (depreciation) over a 
longer total useful life. 

The example calculation illustrates that extending 
the service life of individual layers or the entire road 
system has a significant impact on finances. In terms 
of finances, longer service lives can lead to rein-
vestments being stretched, annual road maintenance 
funds being reduced and balance sheet depreciation 
also being reduced. Positive effects from an envi-
ronmental point of view are, for example, decreasing 
carbon dioxide emissions, less traffic disruption due 
to a smaller number of construction sites, and less 
noise emissions due to defective roads, construction 
work, or congestion caused by construction sites. If 
one adds up the above statements and draws a con-
clusion, one concludes that the measures and fields 
of action described together serve all three pillars of 
sustainability - ecology, economy and socio-cultural 
concerns. It is therefore entirely justified to speak of 
sustainable asset management. 

To this end, it is necessary to set up an urban ma-
terial flow management system, if possible, in ac-
cordance with BIM standards, and to link it with the 
existing databases in order to know in good time the 
quantities and qualities of asphalt granulate that will 
be produced and to minimize the additional adminis-
trative work involved. 

6 CONCLUSION AND OUTLOOK 
Based on the test sections and the corresponding 

laboratory tests, it could be shown that with the 
technical possibilities already available today, it is 
possible in practice to significantly increase the pro-
portion of RAP without reducing the service life of 
the road.  

The results presented so far show very emphati-
cally that, with the use of suitable rejuvenators, it is 
quite possible to reuse high quality asphalt granulate 
in large proportions in the asphalt mix. Based on 
these findings, it is also possible to make specific 
statements on the quality of this construction method 
and, based on aging and load simulations carried 
out, to make far-reaching forecasts on durability and 
sustainability. These findings have a direct influence 
on the maintenance cycles of a road, for example, 
and can in turn be used effectively for maintenance 
management, e.g., in estimating future financial re-
quirements. 

The results from the pilot sections have shown 
that the sustainable use of larger quantities of asphalt 
granulate is economically feasible. The basic re-
quirement for overall environmental reduction when 
using high rates of RAP is the use of "green" rejuve-
nators. In this context, only products with a low eco-
logical footprint and basically high environmental 
compatibility should be used. 

In these cases, the quality of the construction 
work was so good that initially no adjustment of the 
maintenance strategy is required. The example cal-
culation illustrates that extending the service life of 
individual layers or the entire road system has a sig-
nificant impact on minimizing financial require-
ments. In terms of finances, longer service lives can 
lead to reinvestments being stretched, annual road 
maintenance funds can be reduced, and balance 
sheet depreciation is also reduced. Positive effects 
from an environmental point of view are, for exam-
ple, decreasing carbon dioxide emissions, less traffic 
disruption due to a smaller number of construction 
sites, and less noise emissions due to defective 
roads, construction work, or congestion caused by 
construction sites. If one sums up the above-
mentioned statements and draws a conclusion, one 
concludes that it is therefore quite justified to speak 
of sustainable asset management in Münster. 

Further investigations in the coming years will 
analyze and describe the development of the asphalt 
under traffic. However, it is already becoming ap-
parent that in the future significantly more asphalt 
granulate can be returned to the material cycle if 
suitable rejuvenators are used, i.e. downcycling is 
minimized, and thus the asphalt granulate can be 
used for at least one further maintenance cycle. 
Since the rejuvenator used here is a green product 
derived from natural raw materials (not hazardous to 
water), its reuse is currently possible in an environ-
mentally compatible manner. Consequently, a signif-
icant contribution to resource conservation can be 
made by this course of action. 
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1 INTRODUCTION 

Lifecycle cost analysis (LCCA) has historically 
served as a structured methodology in engineering 
and economics, enabling the estimation of costs as-
sociated with a project or facility throughout its 
lifecycle. This approach ensures a comprehensive 
assessment of both initial investments and long-term 
operational costs, supporting informed decision-
making (Durairaj, 2002). Recent government man-
dates aimed at promoting sustainable infrastructure 
development further emphasize the necessity of in-
corporating LCCA into project management and 
tendering processes. Consequently, LCCA has be-
come integral to evaluating and comparing pave-
ment alternatives, ensuring their economic feasibil-
ity over time (Walls, 1998). 

In alignment with the sustainability goals, road 
administrations have adopted strategies such as in-
creasing the use of reclaimed asphalt pavement 
(RAP) and other recycled materials (Qiao et al., 
2019), adopting low-emission material production 
such as warm mix asphalt (WMA) (Binnenlands 
Bestuur, 2024), and prioritizing pavement preserva-
tion measures such as in-situ rejuvenation (Thé et al. 
2016). These practices not only enhance the cost-
effectiveness but also impart broader sustainability 
benefits including reduced environmental impacts 
and increased social benefits. 

An investigation has shown that the Dutch road-
way systems on average comprise 50 % RAP (Sol-
ids, 2023). Typical practice is to use about 20-30% 
RAP to design a durable porous asphalt surface layer 
(also regarded as DZOAB in the Netherlands) with 
much higher proportion of recycled materials in the 

underlying layers (Tsakoumaki et al. 2024). Re-
search has shown that partial and/or complete substi-
tution of virgin aggregates with RAP in asphalt mix 
reduces the road agency costs, thereby making it a 
cost-effective material (Qiao et al. 2019). 

In-situ rejuvenation, a life-prolonging pavement 
maintenance technique, is extensively used on Dutch 
highway network to extend the service life of pave-
ments (Thé et al. 2016). Researchers have shown 
that in-situ rejuvenation leads to 13% lower lifecycle 
costs compared to traditional resurfacing mainte-
nance (Singh & Varveri, 2024). 

Furthermore, WMA being an energy-efficient and 
environmental-friendly technology (Ma et al. 2019) 
is known to reduce the fuel costs by 11-35% com-
pared to traditional hot-mix asphalt (Tutu & Tuffour, 
2016). However, other researchers have claimed that 
the lower fuel costs may not be large enough to off-
set the capital costs and require further investigation 
(Anderson & May, 2008). In line with these ad-
vancements, Dutch asphalt producers have commit-
ted to reducing production temperatures, with a col-
lective decision to cease the production of asphalt 
exceeding 140 ᵒC starting January 1, 2025 (Binnen-
lands Bestuur, 2024). 

Therefore, Netherlands is witnessing a significant 
push towards integrating sustainable technologies, 
namely, WMA, RAP, and in-situ rejuvenation, into 
road construction and maintenance. While in-situ re-
juvenation has shown promise in extending pave-
ment service life, and WMA is being evaluated as a 
viable alternative to traditional hot-mix asphalt, 
there is a lack of historical input data and compre-
hensive research on the economic feasibility of these 
methods over their entire lifecycle. Additionally, 
there is uncertainty regarding the minimum service 
life WMA must achieve to be considered a sustaina-
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ABSTRACT: This study evaluated the lifecycle costs associated with in-situ rejuvenation and the use of 
warm-mix porous asphalt mixtures (WM-ZOAB) and compared them with traditional resurfacing mainte-
nance. The results indicated that the economic impacts of in-situ rejuvenation maintenance strategies were 
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fluential factors affecting the lifecycle costs. In addition, the study highlighted that the WM-ZOAB alterna-
tives must function satisfactorily for a design life of at least about 13 years in order to be recognized as cost-
effective pavement solutions. The research findings support the transition towards sustainable pavement tech-
nologies, while emphasizing the importance of comprehensive economic assessments in decision-making. 



ble and cost-effective option. Addressing these gaps 
is critical to ensuring informed decision-making. 
This work is part of a larger stochastic analysis 
aimed at assessing the risks associated with these 
maintenance methods.  

Therefore, the primary objective of this research 
is to evaluate the economic impacts of in-situ reju-
venation and the use of WMA in DZOAB mixtures 
and compare them with traditional resurfacing 
maintenance. The study also aims to identify key fi-
nancial uncertainty factors and determine the desired 
service life that WMA must meet to be recognized 
as a cost-effective solution. 

2 METHODOLOGY 

2.1 Goal & Scope 
The goal of this research is to assess the economic 
feasibility of four different pavement construction 
and maintenance alternatives as below: 

• Resurfacing: removal of DZOAB layer hav-
ing 50 mm thickness comprising 30% RAP 
having a service life of 12 years (typical for 
right lane in The Netherlands) (van der Kruk 
& Overmars, 2022). 

• Rejuvenation: a bituminous emulsion is ap-
plied on the pavement surface in years 5 and 
10 after the construction (Thé et al. 2016). 
Each rejuvenation treatment prolongs the 
service life of road by 3 years, with two ac-
tivities resulting in 6 year life-extension. 
Therefore, the first resurfacing maintenance 
(50 mm DZOAB thickness with 30% RAP) 
will occur in year 18. 

• Resurfacing with WMA: this strategy is simi-
lar to resurfacing, with the only difference 
being that the DZOAB is now constructed 
with WMA comprising 30% RAP.  

• Rejuvenation of warm-mix DZOAB (WM-
DZOAB) layer: this strategy follows the 
same maintenance plan as in-situ rejuvena-
tion, with the only difference being that the 
DZOAB is constructed with WMA compris-
ing 30% RAP. 

The timeline of different pavement alternatives 
is shown in Figure 1. Based on discussions with 
roadway stakeholders in the Netherlands, it is 
anticipated that WM-DZOAB possess a higher 
durability and may achieve a service life approx-
imately five years longer than conventional 
DZOAB. Other researchers have also suggested 
that the durability of WMA is higher than con-
ventional HMA (Rodríguez-Fernández et al. 
2020; Gaarkeuken et al. 2016). However, given 
the limited availability of scientific research to 
substantiate this hypothesis, a conservative ap-
proach was adopted. Accordingly, the initial de-
sign life of WM-DZOAB scenarios was aligned 

with that of conventional DZOAB. Sensitivity 
analyses was subsequently conducted to deter-
mine the minimum service life required for WM-
DZOAB to be recognized as a cost-effective al-
ternative. 
The analysis period was 36 years, determined in 

accordance with International guidelines (Walls, 
1998) and the functional unit was a single lane 
ZOAB having dimensions 1000 m × 3.5 m × 0.5 
m (Rijkswaterstaat, 2019). Further, the different 
processes considered in this research are pre-
sented in Figure 2. The end-of-life costs were not 
taken into account due to the lack of appropriate 
data for modelling this phase. 

 

 
Figure 1. Timeline for all four strategies. 
 

 
Figure 2. Processes and system boundaries for LCCA. 

2.2 Lifecycle inventory 
The lifecycle cost inventory was generated by col-
lecting the data from primary and secondary sources. 
The primary data comprised material and activity 
costs collected through interviews and online meet-
ings with Dutch roadway contractors and material 
suppliers. Further, secondary data sources comprised 
national statistics board (CBS - Statistics Nether-
lands, 2018), Eurostat’s database (Eurostat, 2022a, 
2022b, 2022c), standard Dutch maintenance guide-
lines (Koster, 2013) and other available literature 
(Silva, 2013, Decò & Frangopol, 2011). The most 
important input parameters used in the LCCA are 
presented in Table 1 and others can be found else-
where (Singh & Varveri, 2024). 



 
Table 1.  Most important input parameters. 
Input parameters Value Source* 
DZOAB 30%RAP (€/t) 82 P 
WMA DZOAB 30%RAP (€/t) 83 P 
Average detour speed (km/h) 50 P 
Rejuvenation cost (€/sq.m) 1,96 P 
Sand spraying cost (€/sq.m) 0,16 P 
Detour during rejuvenation (days) 0,33 P 
Design speed (km/h) 90 P 
Traffic growth rate (%) 3 P and S 
Discount rate (%) 2 P and S 
Milling charges (€/sq.m) 10,57 P and S 
Average running cost of cars (€/km) 0,08 P and S 
Annual average daily traffic (vehicle/h) 2300 S 
Initial MPD (mm) 1,7 S 
MPD change rate (mm/year) 0,041 S 
Initial IRI (m/km) 0,8 S 
IRI growth rate (m/km) 0,08 S 
Gasoline price (€) 1,96 S 

*Source: P = primary source and S= secondary source 

2.3 Lifecycle cost assessment 
In the context of pavement LCCA, costs are typical-
ly categorized as agency and road user costs. Agen-
cy costs encompass all expenses directly incurred by 
the managing road agency to ensure the pavement 
meets the required service level. On the other hand, 
road user costs represent the costs borne by the pub-
lic during the operation and use of vehicles (Walls, 
1998). 

Road user costs were calculated as the sum of ve-
hicle operating costs (VOC) and delay costs (DC). 
VOC account for increased fuel consumption caused 
by pavement deterioration over the analysis period 
and vehicle running costs (VRC) is given by Equa-
tion 1. The DC reflect the economic impact of de-
lays resulting from reduced speeds during mainte-
nance activities and computed using Equation 2 
(Decò & Frangopol, 2011, Khakzad & Gelder, 
2016). 

 (1) 

 (2) 
Where, T = average daily truck traffic (%), CRun,car = 
average running costs for cars (€/km), CRun,truck = av-
erage running cost for trucks (€/km), D = detour 
length (km), A(t) = average daily traffic, d = dura-
tion of the detour, CAW = average wage of car driver 
(€/h), CATC = average wage of truck driver (€/h), 
CGoods = time value of goods transported (€/h), OCar = 
average vehicle occupancy of cars, Otruck = average 
vehicle occupancy for trucks, and S = average detour 
speed (km/h).  

The increased fuel consumption was computed us-
ing the MIRIAM models (Hammarström, 2012). The 
economic impacts were determined using the net 

present value (NPV) (see Equation 3) as it provides 
a direct monetary value, making it easier to compare 
and rank alternatives with different lifespans or costs 
(Moins et al. 2020). 

 (3) 

Where, n = year into the future cash flow activity 
and d = discount rate.  

2.4 Results, interpretation, and sensitivity analysis 
The lifecycle cost for the four pavement mainte-
nance alternatives is provided in Figure 3. As ob-
served in Figure 3, the traditional resurfacing 
maintenance strategies both with and without WMA 
resulted in higher NPV compared to their counter-
part in-situ rejuvenation maintenance. This is mainly 
attributed to the higher agency costs associated with 
the resurfacing (milling and laying) which encom-
passed three cycles compared to rejuvenation where 
only two resurfacing activities were undertaken. The 
life-extension maintenance delayed the resurfacing 
timeline and as a consequence of the discounting ef-
fect, resulted in lower NPV. Further, the contribu-
tion of costs due to fuel consumption was highest 
and accounted for about 63-68% of the total NPV. 
As the timeline of rejuvenation maintenance was 
lower than resurfacing, it resulted in lower VRC and 
DC, consequently lower NPV. Furthermore, the pro-
duction cost of WM-DZOAB mixture was higher 
(due to higher initial plant investments) resulting in 
a greater NPV for the WMA alternatives. 
 

 
Figure 3. NPV results for the deterministic LCCA. 
 

A one factor at-a-time sensitivity test was con-
ducted by varying 18 input variables by a magnitude 
of ±50% and the results are presented in Figure 4. It 
revealed that the NPV was most sensitive to gasoline 
prices, traffic growth rate, discount factor, milling 
charges, asphalt mix price, and detour speed. 
    Furthermore, the service life of pavement alterna-
tives was varied by 5 years to identify the required 
minimum service life of WM-DZOAB to be recog-
nized as sustainable solutions. The results indicated 



that the pavement alternatives designed with WMA 
and undergoing resurfacing must possess a service 
life of atleast 12.39 years to be cost-effective. On the 
other hand, the in-situ rejuvenation of WM-DZOAB 
is the preferred choice if the pavement serves a min-
imum life of 12.68 years.                 

Figure 4. Sensitivity analysis for resurfacing. 

3 CONCLUSION & RECOMMENDATION 

This study investigated the lifecycle costs associated 
with four different pavement alternatives and the 
major findings are summarized below:   

• Maintenance strategies involving in-situ reju-
venation yielded lower lifecycle costs (by
about 1.07 times) compared to conventional
resurfacing.

• NPV was highly sensitive to gasoline prices,
traffic growth rates, discount factor, asphalt
prices, and milling charges.

• WMA alternatives had higher costs than con-
ventional systems due to higher initial in-
vestments required at plants for production.

• WMA-based pavements demonstrate finan-
cial viability when coupled with service life
extension (in addition to the typical 12 year
life of DZOAB) of at least 0.39 years for re-
surfacing and 0.68 years for rejuvenation.

Future research must focus on developing predic-
tive models for estimating the service life of WM-
DZOAB and progression of distresses in these sys-
tems. While LCCA is an important tool, it cannot be 
solely used for decision making as such processes 
are also based on environmental and social benefits. 
Thus, policymakers should prioritize options that 
align with the three pillars of sustainability. 
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ABSTRACT: This study serves as a preliminary environmental impact assessment of 10 plant-based oils to 
substitute fossil-based bitumen used in road construction in the Netherlands using life cycle assessment based 
on EN 15804 +A1 and the CML midpoint impact category method, where the outcome is monetized using the 
environmental cost indicator (ECI) score governing in the Netherlands. Inventories of the products are 
obtained from the combination of available databases (EcoInvent and Agri Footprint 5) and existing research 
papers. The outcome shows that excluding the biogenic carbon dioxide storage capacity in the bio-based 
feedstocks causes their ECI scores per 1 ton of material as the functional unit to be higher than the fossil-
based bitumen, with the exception of used cooking oil, when compared with bitumen from the EcoInvent 
database (€52 vs €94.1/ ton). Including biogenic carbon storage leads to the materials cooking oil, tall oil 
pitch and rosin scoring lower than bitumen (-€95.4 and -€91.2/ton). The total scores are dominated by the 
human toxicity, marine aquatic eco-toxicity, and global warming potential impact categories. Thus, the 
feedstocks with the lowest total ECI scores are used cooking oil, tall oil pitch, and tall oil rosin.  

1 INTRODUCTION 

In the construction industry, bitumen is widely 
used as a binder component in a bituminous mix 
for road structures as an alternative to cementitious 
materials. There has been a growing concern over 
time about the environmental impact of fossil-
based bitumen usage, where its production 
consumes an enormous amount of energy of about 
0.33 GJ/ton in the Netherlands (Oliveira & Silva, 
2022) with the carbon footprint intensity recorded 
at 53.7 kg CO2-eq/ton, one-four of the annual 
emission of a one-person vehicle (Shacat et al., 
2024). Therefore, alternative bio-binder materials 
have been proposed throughout the years. 

The application of bio-based materials in road 
construction has been popular in recent decades. 
The application of the bio-binder constituents 
yields mixed outcomes in terms of performance. 
Most oil seeds, including linseed, rapeseed, castor 
and soybean oils are reported to increase the 
penetration and decrease the softening point of the 
binder mix, leading to a softer binder with 
marginal rutting resistance. Meanwhile, corn oil 
enhances rutting resistance and viscosity but also 
increase cracking and moisture susceptibilities, and 
tall oil resin produces a more resistant material at 

high and low temperatures. In addition, waste 
cooking oil is often reported to act as a rejuvenator 
owing to its psycho-chemical composition, which 
allows it to soften aged bitumen (Awogbemi et al., 
2019; da Silva et al., 2022; Quan et al., 2024). This 
study intends to evaluate the environmental impact 
of 10 bio-based materials to substitute the fossil-
based bitumen in the Dutch context based on the 
preliminary research conducted in the CircuRoad 
consortium, a knowledge-based group in the 
Netherlands established to support the national 
goal of reaching net-zero carbon state in 2050. The 
products analysed herein are castor oil, Jatropha 
oil, linseed oil, rapeseed oil, corn oil, soybean oil, 
tall oil pitch, tall oil rosin, tall oil rosin ester, and 
used cooking oil. 

2 METHOD 

2.1 Goal and Scope 
This study contains the outcome of the screening-
phase life cycle assessment (LCA) to provide a 
preliminary comparison of the environmental 
impact of the 10 plant-based oils considered to 
replace fossil-based bitumen. The list of materials 
is based on their technical performance and 



compatibility in the asphaltic mixture and 
availability in the Netherlands, as provided by the 
preliminary literature study conducted within the 
CircuRoad consortium. The current scope of this 
report is the cradle-to-production gate of each 
constituent, which accounts for the A1 stage only. 
The functional unit used in this stage is 1 ton of 
binder materials used in the asphalt mixture for 
road construction. The geographical scope in this 
study is the Netherlands. However, the inventory 
data is taken from the country from which the 
material is exported to the Netherlands according 
to World Bank database (freely accessible from 
https://wits.worldbank.org/trade/comtrade/en/count
ry/NLD/year/2023/tradeflow/Imports/partner/ALL/
product/150790). 

2.2 Inventory 
The inventory data combines the generic databases 
of EcoInvent and Agri Footprint 5 (which are 
available directly in SimaPro) and research papers. 
In general, there are two available streamlines for 
the plant-based oils. Firstly, the oil can be 
considered a co-product in the system, where the 
whole impact is calculated from the cultivation 
activities at farm. There are some extra steps 
included in several materials, such as drying of 
rapeseed and maize grain, steeping and de-germ 
processing of wet maize grain, and retting and 
scutching for linseed oil. On the other hand, tall oil 
and used cooking oil are considered waste product, 
where their system boundary exclude the impact 
from the stages prior to the first processing stage at 
the plant, which is part of the cut-off principle 
applied in the Eurocode. 

The biogenic carbon dioxide content of each 
material is taken either from the existing 
information in the database or calculated based on 
EN 16449 about the calculation rule of biogenic 
carbon content in plant-based product and 
conversion to carbon dioxide. Moreover, only mass 
allocation is considered in this study, as preferred 
in the Eurocode to deal with multifunctionality 
issue.  

Lastly, the transportation distance from the farm to 
the extraction plant is assumed to be 50km for each 
case. 

2.3 Impact Assessment 
In this phase, all relevant inventories from the 
reference flow adjusted to the functional unit are 
grouped and converted according to the impact 
categories associated with each item in the list. The 
EN 15804 +A1 norm specifies the CML 2001 
midpoint method to be used in the impact 
assessment, which generates 11 impact categories. 
Furthermore, the outcome will be weighted using 
the environmental cost indicator system developed 

in the Netherlands to describe the shadow cost 
from the environmental impacts, known as the 
Environmental Cost Indicator (ECI, or 
Milieukosten Indicator – MKI in Dutch). The 
conversion factors to the ECI score are governing 
for all impact categories from the CML method, 
and are given in (CE Delft, 2020). However, the ECI 
score does not contain a specific value to account 
for the biogenic carbon dioxide intake, since the 
global warming potential impact category includes 
the total of biogenic carbon intake (usually taken 
into account with negative characterization factor) 
and other types of greenhouse gases (usually with 
positive factor). 

3 RESULTS AND DISCUSSION 

3.1 ECI score of bio-based oils 
The total ECI scores for all of the evaluated 
materials according to EN 15804 +A1 are shown 
in Figure 1. 

Figure 1. Total ECI score (including vs excluding biogenic 
CO2 uptake) of the evaluated bio-based oils 

Upon excluding the biogenic carbon dioxide 
uptake (numbers given in black), it is evident from 
(numbers are written in black, whereas the baseline 
– bitumen is written in red) that given the ECI
scoring system based on EN 15804 +A1, three
impact categories become the primary contributors
in general. The most significant factor herein is
human toxicity (HTP), with a relative
contribution of 40 – 60% of total ECI scores in all
the materials. The second most influential impact
category is marine aquatic eco-toxicity potential
(MAETP), with the relative contribution ranging
from 17 – 40% for all materials.  Lastly, global
warming potential (GWP) is considered a
significant impact category with the relative
contribution ranging from 5 – 22% for 12
materials, excluding castor oil, soybean oil,
rapeseed oil, and  jatropha oil.
Finally, when excluding the biogenic climate
change impact, it is apparent that linseed oil yields
the highest score by €567.8/ ton oil. The ECI score
of bitumen from the Eurobitume inventory
(€28/ton) is evidently lower than all the evaluated
alternatives, whereas only the purified used
cooking oil yields a lower score than the bitumen
derived from EcoInvent database (€94.1/ton).
Comparing the score of bitumen with that of Kraft

https://wits.worldbank.org/trade/comtrade/en/country/NLD/year/2023/tradeflow/Imports/partner/ALL/product/150790
https://wits.worldbank.org/trade/comtrade/en/country/NLD/year/2023/tradeflow/Imports/partner/ALL/product/150790
https://wits.worldbank.org/trade/comtrade/en/country/NLD/year/2023/tradeflow/Imports/partner/ALL/product/150790


lignin used in another bio-binder study in the 
Netherlands also shows that the lignin product 
produced using the energy from natural gas will 
yield the score of €250/ ton, placing it in the 
middle position of the list (Moretti et al., 2022). 
However, including the effect of biogenic carbon 
dioxide uptake will change the outcome (numbers 
given in green), where both tall oil pitch and rosin 
also have lower ECI scores than bitumen 
(EcoInvent). Hence, the three products with the 
lowest ECI scores are purified used cooking oil 
(€52 and -€95.4/ton), tall oil pitch, and tall oil 
rosin (€234 and €91.2/ton). 

3.2 Process contribution for three most dominant 
impact categories 

The contribution of each production stage of the 
evaluated materials associated with the three most 
dominant impact categories based on the ECI score 
is illustrated in Figure 2.   

Figure 2. Process contribution associated with (left) human 
toxicity and (right) global warming potential 

The first production phase (A1 – 1) is the primary 
contributor to the toxicity categories in 4 materials, 
such as jatropha oil, rapeseed oil, soybean oil, and 
castor oil, all of which resemble the cultivation 
stage of these materials. Among all the inputs in 
this phase, the use of fertiliser and agricultural 
activities, i.e. harvesting and ploughing, which 
introduce diesel fuel consumption, are the common 
causes of this impact. Both the impact from 
agricultural activities and urea fertiliser are derived 
from the production of the machineries, which 
utilizes coke derived from coal. The production of 
coke is found to emits carcinogenic compounds 
such as cadmium and arsenic (Institute, n.d.). The 
phosphate fertiliser production in the plant 
potentially emits heavy metal compounds, such as 
lead and cadmium, that leech to the aquatic 
environment and pose significant harm to it (Noli 
et al., 2024). 

The second production stage (A1 – 2) is the main 
contributor to the toxicity impacts of linseed oil, 
used cooking oil, and tall oil products. Both the 
coke derived from coal production to produce the 
infrastructure for the electricity and natural gas 
supply to derive the energy and equipment for 
retting and extraction activities of the linseed oil 
and used cooking oil production chains. Lastly, the 
crude tall oil production involves sulfuric acid. 
The production of sulfur emits toxic substances 

such as sulfur dioxide and benzene, which become 
the major cause of human toxicity potential due to 
its ability to induce potential breathing issue that 
can be lethal (Agency for Toxic Substances and 
Disease Registry, n.d.) 

Other two classifications of production processes 
(A1 – 3 and A1 – 4) are the major factors for corn 
oil and tall oil rosin ester. In the corn oil 
production, coke production involved in the 
infrastructure process to produce electricity is the 
major factor for the drying activity. Meanwhile, 
pentaerythritol, an alcohol substance commonly 
employed in the esterification process in tall oil 
rosin ester (TOR-ester) manufacturing, is 
synthesised from formaldehyde, the substance that 
becomes the main driver of the human toxicity 
potential score herein. 

In summary, both the coke production involved in 
the infrastructure process related to energy 
source production (natural gas) or equipment that 
emits carcinogenic compounds, and the 
formaldehyde emission from the alcohol 
compound production used in the esterification 
process are the major factors in the toxicity impact 
categories. The relationship between coke and 
infrastructure in this case is mostly that coke is 
used in the steel manufacturing, where the steel is 
used to construct supporting infrastructures, such 
as pipeline for natural gas transmission, 
agricultural machinery, or furnace. 

Lastly, the global warming potential generally 
stems both from the greenhouse gas emissions 
directly recorded during the cultivation practices 
(A1 – 1) and indirect emissions from the of energy 
sources generation, such as natural gas or heavy 
fuel, used in the oil production processes. The 
natural gas production process emits an enormous 
amount of methane.  

Based on the preliminary LCA conducted in this 
study, it is evident that toxicity impacts become the 
primary concern in the outcome. This circumstance 
even occurs despite a relatively low ECI weighing 
factor given to those categories, all below 10 cents/ 
kg of impact category. Such phenomena have been 
previously reported as part of uncertainties, where 
the fate of substances contributing to the impact 
categories are considered infinite. Conversely, 
other impact categories, such as global warming 
potential, commonly consider 100 years as its fate, 
yielding a difference in the outcome (Frischknecht 
et al., 2007). However, this method has not 
accounted for land use, which is a critical factor for 
plant-based products. While EN 15804 +A2 has 
attempted to cover this aspect, an updated ECI 
value also needs to be established to adapt with the 
updated Eurocode. Moreover, since this analysis 



has been primarily carried out using generic 
database as the input (taking into account various 
geographical and temporal scopes for each), it will 
increase the uncertainty of the outcome. Hence, 
more extensive research needs to be conducted to 
produce the outcome more relevant to the scope of 
the Netherlands using primary and updated data. 
Lastly, while comparison can be made within this 
scope, a cradle-to-grave analysis needs to be 
performed furthermore to take into account the 
effect of incorporating the alternative materials 
into the asphalt mixture, which might result in 
different properties and durability compared with 
the conventional mixture made of fossil bitumen. 

4 CONCLUSION 

This study aims to compare the environmental 
impact of 10 plant-based oils as alternatives to 
replace fossil-based bitumen for road construction 
in the Netherlands. The evaluation is carried out 
using the CML midpoint impact category method 
in accordance with EN 15804 +A1, and weighted 
using the Environmental Cost Indicator (ECI) 
factors developed in the Netherlands to describe 
the shadow environmental cost of the oil products. 
Evidently, the cost of all plant oils exceed the fossil 
bitumen (calculation based on Eurobitume 
inventory) when excluding the biogenic carbon 
dioxide uptake, ultimately for linseed oil. In 
contrast, only used cooking oil has a lower score 
than bitumen (calculation based on EcoInvent 
database). Tall oil pitch and rosin will also have 
lower ECI score than the baseline bitumen when 
taking into account the biogenic carbon dioxide 
storage. Three major impact categories herein are 
human toxicity, marine aquatic eco-toxicity, and 
global warming potential. The toxicity impacts can 
be traced back to the emission of toxic materials 
from the production of coke related to the 
supporting infrastructure, such as steel 
manufacturing used for the pipeline for natural gas 
distribution and agricultural machinery. 
Meanwhile, global warming potential is derived 
from the direct emission of greenhouse gases 
during the cultivation practice and indirect 
emission from the production of energy source for 
the production stage. Hence, the three materials 
with the lowest ECI scores are purified used 
cooking oil, tall oil pitch, and tall oil rosin, and 
they specifically have lower ECI scores than the 
standard bitumen when accounting for the biogenic 
carbon dioxide storage potential.    
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INTRODUCTION 

The city of San Antonio (COSA) installed cool 
pavement surface treatment application on each of 
its ten districts from April to July of 2023. The map 
presented in Figure 1 (Dessouky et al. 2024) shows 
the approximate locations of the treated sections in 
each District. The selection of cool pavement sites 
was based on an analytical approach utilizing a 
series of data sets consisting of; urban heat index, 
equity score, energy burden, urban tree canopy, 
pavement condition, and population. The COSA 
used heat and equity data to identify candidate 
census tracts with high scores of temperatures, and 
poverty. COSA selected roads that were in adequate 
pavement condition and had minimal tree canopy. 
Finally, each District decided on two locations from 
the candidate list as shown in Figure 1. 

COOL PAVEMENT PRODUCTS 

Four cool pavement products were evaluated: 
Seal Master (SolarPave®) is a polymer emulsion 
coating manufactured with UV resistant, reflective 
light-colored mineral pigments to provide minimum 
solar reflectance of 0.33. It is blended with ant-slip 
aggregate to increase surface texture.  

GAF Streetbond (DuraShield®) is a two-component 
waterborne epoxy-modified acrylic coating blended 
with silica aggregates. The coating is formulated 
using ultraviolet reflective technology to provide an 
initial solar reflectance of 0.33. 
GuardTop (CoalSeal®) is a water-based asphalt 
emulsion sealcoat. It has fine aggregate and asphalt 
content of at least 32% and 10% by weight, 
respectively. It has a Solar Reflectance of 0.33 and 
a final cured grey color.  
Pave Tech (PlusTi®) is a TiO2-based asphalt 
rejuvenating/sealing agent. It is composed of a 
petroleum resin oil base uniformly emulsified with 
water. With its Photo Catalytic Technology, it 
enables removal of volatile organic compounds, and 
exhaust pollutants. Aside from the other three 
products, PlusTi® penetrates into the pavement 
surface and does not change the surface color and 
characteristics. Except Pave Tech, all products are 
applied in one coat with application rate varied 
among products and depending on existing 
pavement conditions and age, traffic volume, and 
expected outcome from the treatment.  

Case study: Evaluation of cool pavement surface treatments in the City of 
San Antonio, Texas 

S. Dessouky, N. Debbage, W. Zhai, E. López Ochoa, and R. Lee
University of Texas at San Antonio, San Antonio, Texas, USA 

ABSTRACT: Extreme heat is one of the most pressing climate hazards that urban areas face. Elevated 
temperatures threaten public health, the environment, and urban infrastructure. One mitigation strategy that has 
gained increasing popularity across cities is the usage of cool pavement. The City of San Antonio, Texas, as 
part of its broader climate action and adaptation plan, conducted a cool pavement pilot program in 2023. The 
pilot program evaluated the effectiveness of four cool pavement treatments across San Antonio districts during 
the summer of 2023. For each product, Skid resistance, friction, bonding strength, and meteorological 
measurements were collected across the cool pavement sites and representative control sites. The findings 
indicated that the performance of the cool pavement applications varied across the products tested. In terms of 
Texture and friction properties, the GuardTop experienced the most reduction while GAF experience the most 
reduction over the control. In terms of metrological data, the SealMaster displayed the most consistent and 
statistically significant reductions in surface temperatures with an average reduction of 4°F during the afternoon 
testing period. 



Figure 1. Cool pavement project locations by District 

FIELD TESTING 

Four field tests were conducted to evaluate 
pavement texture, friction, bonding strength, and 
metrological properties. Pavement surface texture 
was measured with the Nippo Sangyo CT Meter. a 
laser-based device that reports texture as mean 
profile depth (MPD) in accordance with ASTM E 
1845. Friction was measured with the Nippo 
Sangyo DF Tester that uses three rubber sliders 
mounted to a disk that spins parallel to the surface. 
Friction is measured based on torque as the disk 
rotational velocity decreases to zero due to friction 
between the rubber slides and surface (ASTM 
E1911). The adhesive strength between the applied 
treatment and existing pavement was measured 
using the Pull-off tester to assess bond strength 
(ASTM D 4541). The strength is determined by the 
maximum tensile pull-off force of coating away 
from pavement using hydraulic pressure. The 
metrological data includes; surface temperature, air 
temperature, and albedo measured with Fluke and 
NR01 Net Radiometer. 

MEASUREMENT PLAN 

Five measurements were made in the wheelpath, 
and two measurements were made outside of the 
wheelpath to capture any potential variations in 
texture and friction due to traffic wear (Figure 2). 
Example of cool pavement product is shown in 
Figure 2. 

 Figure 2. Typical measurement locations relative to traffic 
direction and photo cool pavement treatment (GuardTop).  

Summary of Texture Measurements 
Figure 3 presents the MPD for control and treated 
sites at wheelpath and outside wheelpath. Data 
suggests that the applications of cool pavement 
treatment reduced on average the surface texture for 
the Seal Master and GuardTop sites at and outside 
wheelpath to 10 and 20%, respectively. The drop in 
texture is consistent with other studies which depict 
the change to the application of surface emulsion 
layer that reduces the MPD with the treated surface. 
It is also noticed that the reduction in texture is more 
pronounced in these two treatments than in GAF 
and Pave Tech.  

Figure 3. Texture measurements. 



Summary of Friction Measurements 
Figure 4 presents the Friction data (DFT20) for 
control and treated sites at wheelpath and outside 
wheelpath. Figure 4 provides the change in surface 
friction at and outside wheelpath due to applied 
treatment. Results suggest that Seal Master and 
GuardTop have significantly reduced surface 
friction by 52 and 84% at wheelpath and outside 
wheelpath after less than 90 days of application, 
respectively. The friction reduction in the treated 
surface in the wheelpath is lesser degree than in 
outside wheelpath by 50 and 21% for Seal Master 
and GuardTop, respectively.  

Figure 4. Friction measurements 

Bonding Strength 
It is suggested that traffic will deteriorate the 
adhesion strength of the treated layer over time. As 
shown in Figure 5, all sites experienced a reduction 
in the adhesion. The data suggests that SealMaster 
has the least reduction in adhesion while GuardTop 
has the highest reduction over the performance 
period. It was not determined to calculate the 
adhesion strength of Pave Tech due to the nature of 
the applied penetrating treatment. 

Figure 5. Traffic effect on adhesion of cool pavement 

Metrological Data 
The surface temperature differences between the 
treated and control sites were modest in the morning 
and never exceeded +/- 1°F. By noon, differences in 
the surface temperatures were more pronounced. 
The largest negative difference occurred with the 
PlusTi product was 4°F cooler than the control site. 
At one site but 12°F warmer than the control in 
another site. This is attributed to the road surface 
differences between treated and control site. 
Example of surface difference is shown in Figure 6. 

Figure 6. Temperature differences observed at cool and 
conventional pavement 

The albedo measurements, which evaluated the 
reflectivity of the surfaces, revealed several 
differences between the various products (Table 1). 
The SolarPave material displayed the largest 
increase (0.06) in albedo relative to the control. The 
cool pavement at Mountain Star reflected 28% of 
the shortwave radiation whereas the control street 
reflected only 22%. The GAF product increased the 
albedo by 0.02. The control sites generally exhibited 
high albedo values. For example, the albedo for 
fresh asphalt typically ranges between 0.06 and 
0.08.5 This suggests that due to wear and tear as 
well as exposure to the natural elements typical 
streets in San Antonio may often have albedo values 
that are more analogous to cool pavement surfaces 
than fresh asphalt. 

Table 1. Albedo data for three cool pavement products 
(Debbage et al. 2024). 



SUMMARY: 

GuardTop experienced a higher reduction (20%) in 
texture followed by Seal Master (10%). This 
represents the average reduction among the sites 
treated with this specific product. GAF showed a 
decrease in texture by 4% at wheelpath but an 
increase of 13% outside wheel path. In the case of 
Pave Tech, an average texture increases of 5% was 
measured across the surface.  
In terms of friction properties and with respect to 
control sections: GuardTop experienced higher 
reduction (66%) in friction followed by Seal Master 
(39%) in the wheel path, while Pave Tech and GAF 
experienced increase in friction of 5 and 21%, 
respectively.  
In terms of adhesion strength with respect to 
exposure to traffic (wheelpath and outside 
wheelpath), Seal Master experienced the least 
reduction, followed by GAF and GuardTop after 5-
6 months of installation. No difference in adhesion 
strength was noticed in the case of Pave Tech due to 
the lack of a coating layer.  
Overall, the findings highlighted a clear potential 
for cool pavement to reduce surface temperatures. 
This was particularly true for the SolarPave product, 
which displayed consistent reductions in surface 
temperatures during the daytime at both sites. The 
results for the other temperature metrics (i.e., air 
temperature and WBGT) were more inconclusive in 
nature due to the small magnitude of the differences 
between the cool pavement and control sites as well 
as the accuracy of the instruments used during the 
fieldwork. 
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1 INTRODUCTION 

Hot mix asphalt is the main material used for paving 
roads in Europe. The material is temperature depend-
ent and therefore has different viscosities at different 
temperatures. To pave a road, the material has to be 
heated to high temperatures (~150°C-200°C) which 
induces a low viscosity and makes the material work-
able on the construction site. However, this heating 
process includes two major drawbacks: Firstly, there 
is a high energy consumption necessary to reach the 
required temperatures. Secondly, the high tempera-
tures lead to evaporation of easily volatile particles in 
the asphalt which can be harmful to the workers at the 
construction sites. (EAPA, 2024) 

Both drawbacks are not in accordance with the 
goals of the European countries to reduce the green-
house gas emissions and to regulate the exposure 
level to asphalt fumes. A possibility to tackle these 
challenges is the use of WMA for paving asphalt 
constructions. Due to lower mixing and paving tem-
peratures up to 130 °C, energy consumption and ex-
posure level can be reduced. (EAPA, 2024) 

Research works have already been conducted to 
examine the properties of WMA, the void structure 
in particular (Alvarez et al., 2011; Ren et al., 2019), 
Though, further analysis of the void structure is nec-
essary to get a better understanding of the perfor-
mance of WMA. The Institute of Transportation In-
frastructure Engineering of the Technical University 
Darmstadt conducted three case studies with 

samples of construction sites to get further insights 
in the void structure of WMA. 

2 METHODOLGY 

2.1 Construction sites and materials 
Three construction sites were available for examina-
tion of the asphalt pavement void structure. Drill 
cores were taken from the sites and further analyzed 
in the laboratory. The following table gives an over-
view of the analyzed materials and layers. Construc-
tion site 3 included two sections with different layer 
compositions. In section 2, a combination of surface 
and base layer (s&b layer) was paved in one layer. 
Zeolite was used as an additive on all three construc-
tion sites to improve the viscosity of WMA. Also, re-
claimed asphalt pavement (RAP) was used. 
 
Table 1.  Overview of the analyzed materials ___________________________________________________ 
Site   built layers   asphalt  material   RAP [%] ___________________________________________________ 
Site 1  base layer    AC 22  W&HMA  30&40 
    binder layer   SMA 16 W&HMA  30&30 
    surface layer  SMA 8  W&HMA  - 
Site 2  base layer   AC 32  WMA   50 
    binder layer  AC 16  WMA   35 
Site 3-1  base layer   AC 22  WMA   60 
    binder layer  AC 16  WMA   40 
Site 3-2  s&b layer   AC 16  WMA   75 ___________________________________________________ 
 

Warm-mixed-asphalt in construction sites: determination of the void 
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ABSTRACT: Warm mix asphalt (WMA) is a promising approach to do both: Reduce the energy consumption 
of the asphalt production and mitigate the exposure of asphalt workers to fumes and aerosols. WMA pavements 
should have the same quality and performance like conventional hot mix asphalt (HMA) pavements. The void 
structure of asphalt pavements is an important parameter to determine the quality of an asphalt pavement. In 
this research, the visual method of asphalt petrology was used to determine the void structure of WMA asphalt 
drill cores. It could be found out that the quality of the void structure was satisfying. Though, the gathering of 
voids on the upper and lower margins of the asphalt layers was an observation that generates further research 
needs. 



2.2 Asphalt petrology 
Asphalt petrology was used to determine the void 
structure. It is a 2-D imaging technique that allows the 
analysis of location and distribution of voids in as-
phalt sections. The method has been continuously 
used at the Institute of Transportation Infrastructure 
Engineering in Darmstadt. To prepare an asphalt pe-
trology specimen, a drill core or a comparable speci-
men has to be cut in prisms with a diamond-tipped 
high precision saw. After cutting and drying, the air 
voids in the produced asphalt prisms are filled with a 
fluorescent epoxy resin. After the hardening process, 
the supernatant resin is ground off so that the structure 
of the voids is finally visible under UV-light. With an 
adapted scanner, the surface of the prisms can be 
turned into a high-resolution picture. Those get visu-
ally examined and parameters like void content, void 
distribution or void sizes can be calculated. The 
method has already been used successfully in several 
research projects. (Harries et al., 2023; Middendorf, 
Kempf, et al., 2023; Middendorf, Umbach, et al., 
2023) 

3 RESULTS 

3.1 Construction site 1 
Both HMA and WMA were applied on construction 
site 1. The other boundary conditions on this con-
struction site are identical. It is therefore possible to 
directly compare the paving quality of the two con-
struction materials.  

The base layer was built in two steps. In the fol-
lowing figures, the comparison between the WMA 
and HMA are depicted for the layers. 
 

  
Figure 1. Asphalt petrology prisms for base layer 1. Left: HMA, 
right: WMA. 
 

  
Figure 2. Asphalt petrology prisms for base layer 2. Left: HMA, 
right: WMA. 
 

  
Figure 3. Asphalt petrology prisms for the binder layer. Left: 
HMA, right: WMA. 
 

  
Figure 4. Asphalt petrology prisms for the surface layer. Left: 
HMA, right: WMA. 
 
Also, the void content and the void distribution are 
calculated. The results of the void content and one ex-
ample of the void distribution are depicted in the fol-
lowing pictures. 
 

 
Figure 5. Comparison of the void contents 
 

 
Figure 6. Void distribution for base layer 1. Left: HMA, right: 
WMA. 
 
The visual impression of the WMA layers having a 
lower void content than the HMA in Figures 1-4 is 
confirmed when looking at the void contents in 
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Figure 5. For all layers, the WMA have lower void 
contents than the HMA. Analyzing the void distribu-
tion, for the base layer, the voids gather at the top and 
bottom of the layer. That can be seen exemplary in 
Figure 6. 

The so-called void distribution homogeneity is in-
troduced to simplify the evaluation of the void distri-
bution. This parameter calculates the deviation be-
tween an optimal linear vertical void distribution and 
the distribution of the analyzed sample. Optimal lin-
ear vertical distribution means a constant inclination 
of the void content sum with growing depth of the 
sample. In the depicted Figure 6 a straight vertical 
line would appear. For all layers this parameter was 
calculated. The results for the void distribution homo-
geneity are depicted in Figure 7.  
 

 
Figure 7. void distribution homogeneity of the layers in con-
struction site 1 

3.2 Construction site 2 
Drill cores were taken at two locations of the con-
struction site. The void content and the distribution 
homogeneity of the voids in the WMA binder and 
base layers are depicted in Figures 8 and 9. 
 

 
Figure 8. Void contents of the layers in construction site 2 
 

 
Figure 9. void distribution homogeneity of the layers in con-
struction site 2 

3.3 Construction site 3-1  
With the same method of construction site 2, the re-
sults of construction site 3-1 are depicted in figures 
10 and 11. 
 

 
Figure 10. Void contents of the layers in construction site 3-1 

 

 
Figure 11. void distribution homogeneity of the layers in con-
struction site 3-1 

3.4 Construction site 3-2 
With the same method of construction site 2, the re-
sults of construction site 3-2 are depicted in Figures 
12 and 13. Here, there are three analyzed locations for 
the s&b layer. 
 

 
Figure 12. Void contents of the layers in construction site 3-2 
 

 
Figure 13. void distribution homogeneity of the layers in con-
struction site 3-2 

4 DISCUSSION 

The results of construction site 1 show that the void 
structure of the WMA layers is comparable to the 
structure of the HMA samples. There is less void con-
tent in all samples. This could lead to a better perfor-
mance and finally to a longer service life, though a 
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too dense structure can mitigate the durability. There-
fore, the condition of the pavement must be observed 
regularly. The tendency of voids gathering at the top 
or at the bottom of the WMA layers is an important 
finding of this site. 

Analyzation of sites 2 and 3 focused on WMA as-
phalt layers. Taking the void distribution into ac-
count, in site 2 the void content of the base layer ful-
fills the requirements of the German regulations. 
Some voids gather at the vertical edges. The permis-
sible void content in the binder layer was exceeded. 
The void distribution was inhomogeneous. This could 
be confirmed with the conventional method of deter-
mining the void content in the laboratory. It can be 
concluded that the construction work did not show a 
sufficient quality for the binder layer, as the tempera-
ture of the asphalt mixture was too low and the con-
struction logistic chain took too long to deliver fresh 
asphalt material. 

In construction site 3-1 and 3-2, the void content 
fulfills the requirements of the German regulations. 
Also here, there are gatherings of voids at the layer 
boundaries.  

5 SUMMARY AND CONCLUSIONS 

Several drill cores from three construction sites using 
WMA have been analyzed in 2024 at the institute of 
Transportation Infrastructure Engineering at the 
Technical University of Darmstadt. With the method 
of asphalt petrology, the parameters void content and 
void distribution of the WMA layers could be ana-
lyzed. 

This method delivers the following relevant in-
sights in the layer structures: 
Firstly, the void structure of WMA is satisfying. Sec-
ondly, for the most WMA drill cores, a gathering of 
voids at the upper and lower margins of the layers was 
observed. 

That seems to be a common contemplation for 
WMA. It could depend on the fact that the tempera-
ture of the mixture cools down too fast on the vertical 
edges of the layers. 

The formation of so called “edge voids” could de-
pend on the faster cooling rate at the margins of the 
layers and is an important finding that should be ana-
lyzed more detailed in the future. Furter research 
should be conducted to assess and correlate the find-
ings regarding the void structure with the perfor-
mance and service life of WMA layers. 
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1 INTRODUCTION 
The global transition to sustainable transportation 

is growing, with Electric Vehicles (EVs) emerging 
as a pivotal alternative to reduce carbon emissions, 
improve air quality, and address the climate crisis. 
Many countries, including the United Arab Emirates 
(UAE), are integrating EVs into their transportation 
networks as part of broader environmental goals 
(International Energy Agency, 2023; Seitz et al., 
2024). Recognized as a regional leader in e-mobility, 
the UAE has implemented ambitious strategies, in-
cluding the UAE Energy Strategy 2050 and the 
Green Mobility Strategy 2030, to guide the nation 
toward a sustainable future. These frameworks aim 
to replace many ICE vehicles with EVs, setting 
goals for 50% of all vehicles to be electric or hybrid 
by 2050 (Maddren, 2024; Seitz et al., 2024). 

The rapid adoption of EVs presents specific chal-
lenges for the UAE's infrastructure, particularly its 
flexible pavement roads, which are widely used due 
to their cost-effectiveness and ease of construction. 
EVs exert unique and often heavier loads on pave-
ment surfaces due to the weight of their battery 
packs, which can weigh several hundred kilograms. 
Unlike ICE vehicles, where the load is distributed 
differently, EVs concentrate greater weight on spe-
cific pavement areas (Fares et al., 2024; Zhou et al., 
2024). This additional stress can accelerate wear and 
tear, potentially leading to increased rutting, crack-
ing, and a reduction in pavement lifespan—
especially in hot climates like the UAE, where high 
temperatures exacerbate pavement deterioration 
(Fares et al., 2024; Seitz et al., 2024). 

Given these challenges, it is essential to explore 
pavement design and material solutions tailored to 
the demands of EVs. Pavement materials and struc-
tural design play a critical role in determining the 

durability of roads under varying loads and envi-
ronmental conditions. This study starts by investigat-
ing the effects of introducing EVs to the currently 
used pavement structures in the UAE. Next, solu-
tions to mitigate EV-induced damage on flexible 
pavements, including using modified asphalt materi-
als for the UAE's unique environment. Additionally, 
this paper concludes with policy recommendations 
and regulatory measures that could support the sus-
tainable integration of EVs without compromising 
infrastructure longevity. 

In sum, the UAE's journey toward a sustainable 
transport sector requires technological and policy 
advancements and proactive measures to ensure that 
infrastructure can withstand the evolving demands 
of EVs. By addressing these concerns, this study 
aims to contribute to the UAE's vision of a resilient 
and eco-friendly transportation network, ultimately 
fostering a sustainable future for the region. 

2 METHODOLOGY AND MATERIALS 
In this study, a typical pavement section commonly 
used for high-demand highways is investigated. The 
actual vehicle class distribution of the road segment 
(Fig. 1) showed that most vehicles belong to class 5 
(Salameh, 2020). Although all classes of the current 
heavy ICE vehicle fleet are expected to be partially 
or fully replaced with EVs over time, it is reasonable 
to assume that significant effects will be noticed 
when corresponding Class 5 EVs replace Class 5 
ICE vehicles. The analysis was performed by replac-
ing a percentage of Class 5 ICE vehicles with the 
Volvo FL Electric (Volvo, 2024). A 45/55 weight 
split between the front and rear axles of the Volvo 
FL was assumed in the analysis (Fares et al., 2024). 
Figure 2 represents the difference in weight between 
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ABSTRACT: The transition to Electric Vehicles (EVs), particularly in regions like the United Arab Emirates 
(UAE), presents both environmental benefits and unique challenges for transportation infrastructure. This 
study examines the impact of heavy-duty EV adoption on flexible pavements in the UAE, where increased 
axle loads from EV battery weights are expected to accelerate pavement deterioration. Using the Mechanistic-
Empirical (ME) design method, the effects of partial replacement of Class 5 Internal Combustion Engine 
(ICE) vehicles with Class 5 EVs on pavement performance are analyzed. Results indicate that the increased 
load demands of EVs lead to premature fatigue cracking and a shorter pavement lifespan. Enhanced asphalt 
mixtures, such as high polymer and rubber-modified binders, were tested to improve pavement durability, 
showing that both options could extend service life with minimal additional thickness. Findings suggest that 
while polymer-modified materials provide significant durability improvements, cost-benefit analysis is neces-
sary to optimize binder choice for long-term infrastructure sustainability. 



a typical Class 5 vehicle with two axles and the Vol-
vo FL Electric.  

 
 

 
 

 
Figure 1. Typical vehicle class distribution in the UAE 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Estimated EVs' weights for Class 5 vehicles. 
 

Table 1 shows the traffic inputs collected for the 
case study. The Average Annual Daily Truck Traffic 
(AADTT) is 21,211 vehicles (Salameh, 2020). In the 
design case, the following scenarios were evaluated: 
• Control – All ICE vehicles. 
• 12.5% Class 5 replacement: 12.5 % of the Class 5 

ICE vehicles (54.3 % of the traffic mix) are 
replaced with Class 5 Volvo FL EVs. 

• 25.0%, 37.5%, & 50.0% Class 5 replacement. 
Figure 3 illustrates the cross-section of the pave-

ment structure and the material properties used in 
the analysis. While the material type for the unbound 
base and subgrade layers are fixed, the HMA Wear-
ing Course (WC) layer changes as the paper pro-
gresses. First, all the scenarios are evaluated using a 
Dense Graded HMA mixed with a 60/70 Neat Bind-
er (DG-NB). This material is typical for flexible 
pavements in the UAE. Two more HMAs with the 
same gradation but different binders are evaluated. 
The first is a High Polymer Modified Binder (PMB), 
while the other is a Terminally Blended Rubberized 
Binder (TBRB) (Ibrahim et al., 2024). Both binders 
are produced in the UAE and are currently used in a 
limited number of projects with special performance 
requirements.  

2.1 NCHRP 1-37A mechanistic-empirical method 
The mechanistic-empirical analysis was conducted 
using the MEAPA (Mechanistic-Empirical Asphalt 
Pavement Analysis) web application using the cli-
matic data of the UAE (Kutay & Lanotte, 2020). 
Asphalt Concrete (AC) rutting and bottom-up 
fatigue cracking were compared. All these flexible 
pavement-related distresses were evaluated using the 
mixture-specific calibration coefficients obtained by 
conducting Repeated Load Permanent Deformation 
(RLPD) Testing and Push-Pull (PP) Testing 
(AASHTO TP 79, 2012; Kutay & Lanotte, 2018). 
Additionally, the viscoelastic properties of the 
asphalt binders and mixtures were obtained from 
laboratory testing (AASHTO M 320-17, 2017; 
AASHTO TP 79, 2012). Table 2 presents the 
materials-specific coefficients alongside general 
inputs for the ME analysis. 

 
Table 1. General traffic input values for the evaluat-
ed design case. 

General Traffic Input UAE Design Case 
Two-way AADTT 21,211 
Number of lanes 2 
Trucks in design direction [%] 58 
Trucks in design lane [%] 95 
Operational speed [km/h] 100 
Reliability [%] 95 

 
 
 
 

Figure 3. Pavement cross-section and layer properties 
 

Table 2. MEAPA, analysis data input 

Parameter 
Mix ID 

DG-NB DG-TBRB DG-PMB 
Bottom-up fatigue 
coefficients (βr1, 
βr2, βr3) 

(1.43E-5, 
1.726, 
1.877) 

(1.02E-2, 
1.671, 
2.059) 

(5.87E53, 
1.749, 
1.941) 

AC Rutting (βr1, 
βr2, βr3) 

(3.00E-3, 
1.0, 

0.616) 

(6.54E-3, 
1.0, 0.418) 

(8.70E-3, 
1.0, 0.357) 

General Details Value 
Analysis duration 20 years 
Groundwater table 30.48 meters 
MERRA2 Station 
Latitude 24.355003 

MERRA2 Station 
Longitude 54.579152 



3 RESULTS AND DISCUSSION 
Figure 4 shows the number of Equivalent Single Ax-
le Loads (ESALs) calculated for all the scenarios 
analyzed. The values from "All ICE vehicles" are 
obtained using the traffic information for the pave-
ment structures under evaluation. Hence, they repre-
sent the design traffic. The percent increase obtained 
by replacing 12.5% of Class 5 ICE vehicles with 
Class 5 EVs is more than 18%. As the replacement 
percentage increases, the difference can reach more 
than 70% of the original amount. 

Figure 4. ESAL outcome for each scenario  
 
The ME analysis showed that the leading distress 

is the bottom-up fatigue cracking (Fig. 5). The anal-
ysis indicated minimum rutting (>0.5 mm), which 
goes along with observations made in the field 
where design practices suggest the use of a low 
binder percentage (i.e., 3.9%) to account for the 
dominant arid climate in the UAE. Meanwhile, it 
can be noticed that with the "All ICE vehicles" sce-
nario, the pavement structures fail within six years 
of service life. Moreover, the replacement of class 5 
vehicles resulted in accelerated failure, with the 
pavement structure failing within 42 months for the 
50% replacement case.  

When the wearing course material was changed 
to PMB and TBRB, results showed that both materi-
als performed significantly better than the currently 
employed low penetration grade binder (i.e., 60/70). 
Instead of failing within the first six years, the DG-
PMB fails after 15 years, while the DG-TBRB fails 
after 16 years. This outcome shows that the DG-
TBRB outperforms the DG-PMB, which is also rein-
forced as an outcome when comparing the 50% class 
5 replacement, where the DG-TBRB service life ex-
tends to 131 months, and the DG-PMB fails within 
123 months of service.  

Even though using polymer-modified binders 
could enhance the performance of pavement struc-
tures and extend their service life, they have yet to 
meet a 20-year design life, and optimization of the 
pavement structure thickness is required. 

Table 3 presents the pavement cross-section 
thicknesses for the control scenario and the 50% 
class 5 replacement. 

 
 

Figure 5. Results of the Mechanistic-Empirical Pavement 
Structural Analysis 

 
The outcomes indicate that an increase of 2.5 cm 

(1 inch) is essential for the DG-NB WC to withstand 
the full design life, while both the DG-TBRB and -
PMB require an additional 0.5 cm to pass the 20 
years of design life with the "All ICE vehicles" sce-
nario. Moreover, for the 50% class 5 replacement, a 
16 cm thick wearing course is needed using DG-NB, 
and 14.5 cm for modified materials. This change in 
thickness leads to additional costs. Table 3 shows 
the difference in the expected material cost if the 
polymer-modified binders are used instead of the 
neat binder. Due to their higher cost, it can be ob-
served that the DG-PMB costs $1839 per lane per 
km in comparison to the DG-NB, while the DG-
TBRB costs an additional $901 per lane per km. 
These costs are related to the material costs; howev-
er, to obtain a more complete picture, the cost of the 
construction and maintenance should be factored in-
to the analysis. 
 



Table 3. Additional material cost due to the 50% 
class 5 replacement  
 DG -

NB 
DG -

TBRB 
DG -
PMB 

Optimized cross-section thick-
ness (All ICE vehicles) [cm] 14.5 12.5 12.5 

Optimized cross-section thick-
ness (50% class 5 rep.) [cm] 16 13.5 13.5 

Difference in thickness [cm] 1.5 1.0 1.0 
HMA density [kg/m3] 2528 2513 2527 
Mass per lane (3.6 m) per km 
[ton] 136.5 135.7 136.5 

Unit price [$/ton] 60.0 67.0 73.5 
Additional Material Cost [$] 8,191 9,092 10,030 

4 CONCLUSION 
This study evaluates the potential impact of light-
duty EVs on road networks. Compared to traditional 
ICE vehicles, the findings reveal that the increased 
EVs' weight accelerates pavement deterioration.  
The primary design method followed in the UAE is 
AASHTO 1993. However, previous studies showed 
the inadequacies of the technique in accurately de-
signing pavement structures (Fares et al., 2024). The 
ME analysis results indicate that the pavement sec-
tions analyzed failed within the first six years for fa-
tigue cracking, which is close to field observations 
(5 years, fatigue cracking as lead distress) (Marini & 
Lanotte, 2021). 
Replacing class 5 ICE vehicles with class 5 EVs in-
creases the traffic load on the structure. However, 
the growth is not as significant as in other case stud-
ies (e.g., Michigan, Fares et al., 2024) due to the 
dominant vehicle class being class 5 with lower 
gross vehicular weight.  
The ME analysis showed that the dominant distress 
is bottom-up fatigue cracking with no asphalt con-
crete rutting occurring. A balanced mixed design 
could be used in the region to enhance the fatigue 
cracking performance but only slightly increase rut-
ting potentials. 
The use of PMBs and TBRBs can extend the service 
life of the pavement structure without changing the 
thickness of the wearing course layer. Of the two op-
tions evaluated, the TBRB is preferable since it 
slightly overperforms the PMB asphalt mixture. 
The optimization of the pavement structure design to 
serve satisfactorily for 20 years with the EVs present 
showed that the change of thickness varies between 
1.0-1.5 cm compared to the control scenario. The 
outcome showed that DG-NB would cost less than 
the other two binders from a material cost point of 
view, yet the addition of the construction and trans-
portation costs could likely change the outcome 
where the DG-TBRB can be the best solution 
(Ibrahim et al., 2024). 
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1 INTRODUCTION 
 
The reclaimed asphalt pavement (RAP) is obtained 
after the milling process carried out in the field and 
it allows the reuse of aggregates and asphalt binder, 
two of the main consumed materials in asphalt pav-
ing services. However, the presence of RAP (even in 
fractionated stockpiles) clusters, or agglomerates of 
small particles, lead to another source of variability 
(Xu et al., 2019; Ferreira et al., 2021). A coarse RAP 
particle could be a cluster of several small particles 
connected appearing as a single aggregate. The na-
ture of these clusters is controlled by the type of 
milling process (including parameters such as speed 
and cut thickness), and the mixture characteristics 
that are being milled (asphalt binder type and con-
tent, aggregate gradation, aging level). The cluster 
dissociation occurs during the asphalt mixture pro-
duction (because of high temperature and mixing 
time) and compaction in the field.  
The AASHTO M 323 (2022) standard mentions that 
the RAP binder should be fully extracted from the 
RAP using solvent extraction or the ignition oven. 
Then, the aggregate gradation and shape properties 
requirements should be determined. In this scenario, 
the RAP aggregates properties are determined con-
sidering that all RAP binder is activated, clusters are 
fully dissociated and disregards the possibility of 
partial RAP binder activation and cluster dissocia-
tion, as commented by Lo Presti el al. (2019).  
Overall, it is common to characterize RAP as having 
0% of binder activation (i.e., black rock with clusters 
undissociated), usually for cold recycling, or 100% 
of binder activation (all clusters dissociated), for hot 
recycling. These extreme assumptions do not con-

sider the reality, which is somewhere between the 
two situations and dictated by the RAP characteris-
tics and the asphalt mixture production. There is still 
lack of research that treats the RAP aggregate as a 
material which changes alongside the asphalt mix-
ture production, as the clusters are disintegrated.  

In this context, this research investigates the RAP 

cluster dissociation under different breakdown 

modes: (i) asphalt binder extraction with solvent, 

and (ii) the use of the equipment Micro-Deval (MD). 

The two different laboratory methods were selected 

to partially breakdown the RAP clusters with the 

purpose to better understand how the cluster dissoci-

ation occurs, and which parameter (temperature and 

mixing time) is more relevant to disintegrate the ag-

glomerations. This information is useful to design 

the recycled asphalt mixtures based on the RAP 

properties after cluster dissociation. 

    
2 MATERIALS AND METHODS 

 
Around 50kg of RAP was collected in the stockpile 
of an asphalt plant located in Maracanaú/CE, Brazil. 
The RAP was homogenized and spread on a flat sur-
face for three days to eliminate moisture. Only 
coarse RAP particles were evaluated (19.0mm – 
4.75mm). The RAP nominal maximum aggregate 
size (NMAS) is 19.0mm, and the asphalt binder con-
tent is 4.0% obtained by the centrifugation method. 
There is no information about the level of ageing of 
the RAP binder, but it was a 50/70 penetration grade 
virgin binder.  
The first procedure (Figure 1) to induce cluster dis-
sociation consisted in keeping the RAP sample 
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(around 1.0kg) immersed in solvent for 2 minutes, 
with the use of the centrifugation method (ASTM 
D2172, 2017) to separate the solution from the ag-
gregates. While the RAP binder is activated, the 
RAP clusters are also dissociated. The degree of 
binder activation (DoA), after each stage of binder 
extraction, is cumulative, and it ranges from 0%, 
which represents the RAP before any binder extrac-
tion (cluster undissociated), to 100% after two or 
more binder extraction stages when all RAP binder 
is activated, and clusters are fully dissociated. This 
method has been used before in a previous study 
(Ferreira et al., 2021). 

 

 
Figure 1. Illustration of the stages of RAP binder extraction. 

 

In the second procedure (Figure 2), the MD equip-

ment was used (ASTM D 6928, 2017) to breakdown 

the RAP clusters. This equipment is commonly used 

to assess aggregate polishing and breakage charac-

teristics by the abrasion between coarse aggregates, 

and standardized metal spheres inside a rotating 

tambor. The standard MD test is performed using 

coarse aggregates (higher than 4.75mm) with a rota-

tion of 100rpm during 2h. 
 

 
Figure 2. RAP with virgin aggregates before the MD test pro-

posed in this study. 
 

Three mixing times (5, 15, and 30min) were tested, 

and each RAP sample (around 1.0kg) was evaluated 

at room temperature (33°C, as a control sample), and 

heated at 140°C and 160°C (for 30 minutes in the 

oven before MD). In addition, 3.0kg of virgin aggre-

gates (abrasive load, material retained at #25mm) 

was used instead of the metal spheres to be more re-

alistic comparing with the field conditions. The vir-

gin aggregates were also heated at the same tem-

perature of the RAP for 30min. As the virgin aggre-

gates size is higher than the RAP particles, after the 

MD procedure it was possible to differentiate RAP 

particles from virgin aggregates by using sieve 

#25mm to retain the virgin aggregates. Besides, it 

was tested the MD only with virgin aggregates for 

30 minutes to verify if the virgin aggregates break-

down, but no fine particles were observed. So, all fi-

ne particles after the MD come from the RAP. 

For the stages of binder extraction and the MD pro-

cedure, only coarse RAP fractions (19.0mm – 

4.75mm) were used since the MD equipment is de-

veloped for coarse particles. After each procedure, 

sieve analysis was performed and then each RAP 

fraction was evaluated using the Aggregate Imaging 

Measurement System (AIMS) to obtain the aggre-

gates’ shape properties following DNIT 432 – ME 

(2020). Two aggregates’ shape properties (gradient 

of angularity - GA and surface texture - Tx) were 

evaluated.  

 
3 RESULTS 
 
Figure 3 presents the RAP aggregates size distribu-
tion after each asphalt binder extraction and after the 
MD test (160°C and 30min, highest temperature and 

longer time) as an example. The gray curve (DoA = 
100%) represents the scenario where all RAP clus-
ters are fully dissociated, while the black curve 
(DoA = 0%) is the opposite scenario, i.e., all clusters 
undissociated. 
 

 
Figure 3. Size distribution for each Degree of activation (DoA) 
compared after Micro-Deval (MD) (160°C and 30min). 
 
After the binder extraction and the MD, the clusters 
were dissociated and the presence of fine particles 
(below #4.75mm) increased. In the worst-case sce-
nario, after complete binder extraction (white curve, 
DoA = 100%), around 40% of fine particles ap-
peared coming from RAP clusters. Overall, the gra-
dation curve tends to go up as the DoA increases be-
cause of the cluster dissociation. The gradation 
distribution after the MD (at 160°C after 30min) is 



close to the gradation of the black curve (DoA = 
0%) indicated less impact of the temperature and 
mixing time when compared with the stages of bind-
er extraction. To quantify the RAP cluster dissocia-
tion, the chunk index and filler increased index pro-
posed by Zaumanis et al. (2021) were calculated. 
The chunk index is obtained by the difference be-
tween the area below the white curve and black 
curve, as illustrated in Figure 3. In addition, it was 
also calculated the difference between the area be-
low the curve after each scenario tested (stages of 
binder extraction and MD) and the black curve 
(DoA = 0%). Small values of chunk index (closer to 
zero) are desirable since it indicates that the two 
curves are closer which means fewer RAP particles 
as a cluster. The filler increased index indicates the 
percentage of filler generated after RAP cluster dis-
sociation. It was calculated by the difference be-
tween the percentage of filler passing through the 
smallest sieve (#0.075mm) after each scenario tested 
and the black curve (DoA = 0%). A small filler in-
creased index is also desirable meaning that less fill-
er was generated after cluster dissociation. The re-
sults are presented in Figure 4. The legend 
MD33C5m means Micro-Deval test at 33°C for 
5min, and so on.  
 

 
Figure 4. Chunk index and filler increased index proposed by 
Zaumanis et al. (2021).   
 
As observed in Figure 4, the binder extraction seems 
to be more severe (higher values of indexes) to 
breakdown RAP clusters when compared with the 
MD procedure. The highest filler index (around 2.5) 
was observed for DoA = 100% (worst-case scenar-
io), while for the rest, the filler index was less than 
1.0. As the abrasion time increases (from 5min to 
30min), both indexes increase as well, indicating the 
influence of the mixing time to dissociate the RAP 
cluster. Looking at the chunk index, the high tem-
perature (160°C) induced less impact when com-
pared to room temperature (33°C). At 160°C the hy-
pothesis was that the RAP binder was partially 
activated but the RAP cluster still glued as a single 
particle now more resilient (because of the binder ef-

fect) to absorb the abrasion inside the MD chamber 
without breaking apart.   
 
3.1 Shape Properties (using AIMS) versus MD Time 
and Temperature 

 
Figure 5 presents the results of the aggregate shape 
properties for the fraction #4.75mm (passing through 
#9.5mm and retained at #4.75mm) as an example 
comparing angularity (Figure 5a) and surface texture 
(Figure 5b) values after each stage of binder extrac-
tion and after MD (160°C and 30min).  
 

 
(a) 

 
(b) 

Figure 5. Results after each stage of binder extraction com-
pared with the Micro-Deval (MD) test (160°C and 30min). 
 
As observed in Figure 5a, the black curve (DoA = 
0%) has more subangular and angular particles when 
compared with the  curve (DoA = 100%). The GA 
tends to decrease as the clusters are dissociated and 
less angles/edges are presented in the particles. For 
texture, Figure 5b, as the aged binder/mastic/fine 
aggregate matrix (FAM) is removed, either by the 
solvent or by the abrasion and high temperature, the 
RAP particle surface tends to be smoother (white 
curve, DoA = 100%). To quantify the RAP cluster 
dissociation by the shape properties results, an adap-
tation of the chunk index calculated previously was 
obtained. The GA - cluster index (Figure 5a) and the 
Tx – cluster index (Figure 5b) were obtained by the 
difference between the area below the black curve 
(DoA = 0%) and each scenario tested (stages of 
binder extraction and MD). Smaller values (closer to 
zero) of the two indexes indicate that the RAP clus-



ter dissociation did not affect the shape properties. 
Figure 6a presents the results for angularity while 
Figure 6b presents the results for texture. In both 
cases, only two coarse fractions (#9.5mm and 
#4.75mm) were evaluated since it is necessary to 
have at least 50 particles to run the AIMS test, and 
there were not plenty of particles for #12.5mm and 
#19.0mm.   
 

 
(a) 

 
(b) 

Figure 6. Gradient angularity (GA) cluster index (a) and Sur-
face texture (Tx) cluster index (b). 
 
Figure 6a shows that aggregate particles retained at 
the #9.5mm-sieve was less affected (smaller values) 
by the RAP cluster dissociation when compared to 
the #4.75mm-sieve particles, no matter the break-
down mode (binder extraction or MD). At 33°C and 
140°C, the GA cluster index tends to increase as the 
mixing time increases for both fractions, which 
means a behavior closer to the white curve (DoA = 
100%). However, at 160°C, as the mixing time in-
creases, the GA cluster index decreases, meaning 
that the angularity values are closer to the values ob-
served for the black curve (DoA = 0%). For texture, 
Figure 6b, the trend for both RAP fractions were 
similar in all scenarios evaluated. Sieve #4.75mm 
presents smaller values of Tx cluster index when 
compared with #9.5mm. At 160°C, the Tx cluster 
index is the smallest if compared with 33°C and 
140°C indicating that the RAP particles texture val-
ues are closer to the black curve (DoA = 0%). These 
results could be explained by the fact that the RAP 
binder might be activated at 160°C, which introduc-

es another source of variability, as the presence of 
aged binder/mastic/FAM softened may help to keep 
the RAP cluster more resilient to abrasion, indicat-
ing less cluster dissociation. As a result, at 160°C, 
the RAP shape properties are closer to the black rock 
behavior (more angular and rougher). On the other 
hand, at 33°C, the RAP particles work like a tradi-
tional aggregate, which tends to be more polished 
and rounded after MD test.  
 
4 CONCLUSIONS 
 
The MD method used to breakdown the cluster for-
mation by using temperature and mixture time was 
useful to the purpose of this study i.e., to examine 
RAP aggregates at different levels of cluster dissoci-
ation. To evaluate the scenario RAP clusters fully 
dissociated, the binder extraction seems to be more 
severe. Besides, at room temperature (33°C), the 
RAP may become smoother and rounded after the 
process using the MD equipment, closer to tradition-
al mineral aggregate behavior. On the other hand, at 
160°C, the main hypothesis is that part of the RAP 
binder (mastic or FAM) is activated, therefore, the 
RAP particles are more prone to abrasion without 
breaking apart, making the RAP particle rougher and 
more angular.  
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1 INTRODUCTION 

1.1 General 
Geopolymer Concrete (GPC) is emerging as a sus-
tainable alternative to traditional Portland Cement 
Concrete (PCC), leveraging industrial by-products 
like Fly Ash (FA) and Ground Granulated Blast Fur-
nace Slag (GGBS) as binders to reduce greenhouse 
gas emissions (Davidovits, 1988). Unlike PCC, GPC 
eliminates the need for cement clinkers, significantly 
lowering its carbon footprint. Despite extensive re-
search on GPC for in building constructions, its po-
tential in pavement construction, particularly for 
heavy traffic roads, remains underexplored. Re-
claimed Asphalt Pavement (RAP) offers an additional 
opportunity to incorporate recycled materials, reduc-
ing the demand for natural aggregates. However, 
challenges such as reduced strength and workability 
due to adhered bitumen persist. By eliminating ce-
ment, GPC with RAP offers significant environmen-
tal advantages, including lower greenhouse gas emis-
sions compared to PCC. This study focuses on 
integrating RAP into GPC for pavement applications, 
providing a sustainable solution that meets perfor-
mance demands for heavy traffic infrastructure while 
enhancing environmental sustainability. 

 

2 MATERIALS USED AND METHODOLOGY 

2.1 Materials  
This study investigated the use of Class F and GGBS 
as precursors for geopolymer concrete. The mechani-
cal properties revealed a specific gravity of 2.21 for 
FA and 2.82 for GGBS, with respective specific sur-
face areas of 395 m²/kg and 424.01 m²/kg. The XRF 
analysis in Table 1 indicates a Si/Al ratio of 2 for FA, 
confirming its suitability as a precursor, while the 
high Ca content in GGBS supports effective ambient 
curing. 

For activation, 14M sodium hydroxide (NaOH) and 
sodium silicate (Na₂SiO₃) were used in a ratio of 0.5. 
Aggregates for the study were sourced from a local 
quarry, while RAP was obtained from a deteriorating 
section of the National Highway. The 20-year-old 
RAP was stockpiled for a year, leading to oxidation 
and stiffening of the asphalt. The RAP was then 
sieved into coarse (>4.75mm) and fine (<4.75mm) 
fractions, with bitumen content of 3.5% for fine RAP 
and 2.2% for coarse RAP. Natural aggregates in-
cluded Zone II sand and coarse aggregates of 19mm 
and 10mm nominal sizes. 

 
 
 
 
 

Recycling RAP in Geopolymer Concrete for Sustainable Pavement 
Solutions 

A. Ghosh 
Research Associate, Indian Institute of Technology Roorkee, Roorkee, India, a_ghosh@ce.iitr.ac.in 
A. Sachdeva 
PhD Scholar, Indian Institute of Technology Roorkee, Roorkee, India 
S.I. Sk 
Contractual Faculty, National Institute of Technology Hamirpur, Hamirpur, India 

G.D.R.N Ransinchung & P. Kumar 
Professor, Indian Institute of Technology Roorkee, Roorkee, India 

 
 
 
 
 

 
 

 
 

ABSTRACT: This study investigates the potential of using coarse and fine Recycled Asphalt Pavement (RAP) 
fractions as substitutes for natural aggregates in paving-grade geopolymer concrete (GPC). Findings highlight 
that higher RAP content significantly impacts strength and durability, necessitating limitations on the propor-
tion of RAP used. An optimal mix with 50% coarse RAP achieved a flexural strength of 4.72 MPa after 7 days 
of ambient curing while reducing carbon emissions by 56.16% compared to traditional concrete. Furthermore, 
fine RAP mixes exhibited a higher surface abrasion loss, with a maximum of 0.288 mm, indicating that coarser 
RAP fractions are more suitable for designing Pavement Quality Concrete (PQC). Furthermore, fine RAP mixes 
exhibited higher loss in surface abrasion depicting a maximum of 0.288mm suggesting the potential recycling 
of coarser RAP fractions for rigid pavement applications.  
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Table 1. Chemical composition of the studied wastes 

Wastes 
Chemical components (% by mass)   

SiO2 TiO2 Al2O3 Fe2O3 CaO SO3 K2O P2O5 MgO LOI 
(%) 

GGBS 27.32 1.57 12.09 1.95 54.27 1.21 1.12 - 0.22 3 
FA 56.70 3.51 26.31 7.17 1.54 0.11 2.82 1.10 - 1 
*LOI- Loss on Ignition 

2.2 Methodology 
The water/geopolymer solid ratio was determined 
similarly to the water/binder ratio used in conven-
tional concrete, while the alkaline activator-to-binder 
ratio was maintained below 0.45. To assess various 
substitution scenarios, natural aggregates were re-
placed with RAP aggregates—coarser fraction (RAP-
C) and finer fraction (RAP-F)—at replacement levels 
of 25%, 50%, 75%, and 100%. All the considered de-
sign parameters have been based on the author’s pre-
vious studies where the choice has been explicitly ex-
plained (Ghosh et. al, 2024) 

The preparation of the geopolymer samples fol-
lowed the process used for cement concrete mixes, 
starting with a dry blend of the materials, followed by 
a wet mixing phase. The activator solution was pre-
pared 24 hours before casting to allow the heat gener-
ated from the sodium hydroxide and water reaction to 
dissipate. The samples were cured at ambient temper-
ature to replicate real-world conditions, reflecting 
typical on-site curing practices. 

3 RESULTS AND DISCUSSION 

3.1 Compressive strength 
The compressive strength of GPC mixtures, including 
those with and without RAP, was tested at 7, 28, and 
90 days under ambient curing conditions (Fig. 1). Pre-
vious studies on traditional cement and geopolymer 
concrete (Debbarma et al., 2020) have shown that the 
mix using only natural aggregates consistently pro-
duced the highest strength at all measured time points. 
Incorporating RAP reduced compressive strength, 
with the RAP-F mix (fine RAP) showing less decline 
compared to the RAP-C mix (coarse RAP). The pri-
mary factor in this reduction was asphalt cohesion 
failure. Interestingly, RAP-F performed better in 
compression than RAP-C, despite having a higher as-
phalt content. At a 50% replacement rate, RAP-F 
reached a 7-day compressive strength of 46 MPa, out-
performing RAP-C by 3.3%. In contrast, when for 
100% RAP mixes, RAP-F experienced a strength re-
duction of 48%, whereas RAP-C saw a more signifi-
cant decline of 57%. The 50% RAP-F mix met the 

required 40 MPa strength for PQC applications after 
7 days (MoRTH, 2013), with the potential for up to 
75% RAP replacement after 28 days.  

The strength development of GPC follows a pattern 
similar to that of cement concrete, showing gradual 
improvement over time as Calcium-Silicate-Hydate 
and Calcium-Aluminate-Hydrate continue to form. 
The most substantial increase in strength happens 
within the first 28 days, after which the rate of growth 
significantly decreases. In conventional cement 
mixes, RAP's impact is more evident at 28 days, with 
failures attributed to asphalt cohesion. In contrast, 
GPC shows substantial strength development by 7 
days, where failures are more related to poor bonding 
between RAP aggregates and the geopolymer matrix. 
This highlights the importance of optimizing RAP 
content and ensuring adequate interfacial bonding to 
achieve desired performance levels in GPC. 

3.2 Flexural strength 
The integration of RAP also led to a significant re-
duction in flexural strength, an observation similar to 
compressive strength decrement, regardless of the 
RAP type or replacement proportion (Fig 2). At all 
tested replacement levels and curing ages, the 25% 
RAP-C mix exhibited maximum flexural strength, 
followed by the RAP-F mixes. In contrast to the com-
pression strength trend, RAP-C mixes performed bet-
ter in flexural strength overall. At a 50% replacement 
level, RAP-C met the required minimum flexural 
strength of 4.5 MPa for PQC (MoRTH, 2013) at 7 
days, while RAP-F mixes did not reach this threshold 
even at 28 days (4.43 MPa and 4.1 MPa, respec-
tively). However, both RAP-F and RAP-C mixes 
showed satisfactory flexural strength at a 25% re-
placement level at both 7 and 28 days. 

The 75% RAP-F mix met the required compressive 
strength but failed to satisfy the flexural strength re-
quirements. This highlights the importance of flexural 
strength in pavement design, suggesting that coarse 
RAP offers superior performance compared to fine 
RAP when used in geopolymer concrete. The results 
emphasize the need for careful selection of RAP type 
to ensure optimal material properties for specific en-
gineering applications. 

 



3.3 Resistance to surface abrasion 
Figure 3 presents the surface abrasion resistance, 
measured as wear depth (d) after 90 days of ambient 
curing. The control mix, which did not contain any 
RAP, exhibited the least wear depth at 0.05 mm. In 
contrast, incorporating RAP led to an increase in wear 
depth, suggesting a reduction in abrasion resistance. 
The finer RAP fraction (RAP-F) resulted in more pro-
nounced abrasion, with the 100% RAP-F mix show-
ing the highest wear depth of 0.288 mm. At lower re-
placement rates (up to 50%), the abrasion resistance 
across all mixes was comparable, with a mean wear 
depth of 0.081 mm. Although no specific standards 
for geopolymer mixes containing RAP exist, the re-
sults were benchmarked against conventional paver 
block standards, which allow a maximum wear depth 
of 1 mm for heavy traffic areas. This investigation un-
derscores the feasibility of incorporating RAP into 
geopolymer concrete while also revealing that coarse 
RAP provides superior abrasion resistance. 

3.4 Carbon emissions 

The carbon emissions (kgCO2 eq/kg) and embodied 
energy (MJ/kg) for materials used in both GPC and 
PCC were analyzed, as shown in Table 2. Due to lim-
ited regional data, insights from international studies 
were used, assuming they are applicable. The trans-
portation phase was not considered, as it is assumed 
to be similar for both PCC and GPC. The analysis of 
carbon emissions and embodied energy during the 
production phase (Fig 4) revealed that the control 
GPC mix had the highest CO2 emissions at 181.51 kg 
CO2 eq./m³. Incorporating RAP significantly reduced 
emissions, with the 100% coarse RAP (100RAP-C) 
mix having the lowest emissions at 165.53 kg CO2 
eq./m³. The optimal 50% coarse RAP mix (50RAP-
C) reduced emissions by 5% compared to the control 
mix and by 56.16% compared to PCC. Fine RAP 
mixes showed a less significant reduction in CO2 

emissions, likely due to the higher volume of coarse 
aggregates in the mix.  

Energy consumption followed a similar pattern, 
with the control mix consuming 2282.43 MJ. The 
100% fine RAP mix reduced carbon emissions and 
energy consumption by 8.8% and 2.71%, respec-
tively, while 100% coarse RAP reduced emissions by 
12.09% but energy use by only 2.23%. These results 
suggest that fine RAP is more effective in reducing 
energy consumption, while coarse RAP has a greater 
impact on reducing carbon emissions.  

 
Table 2. Carbon and emission coefficients of stud-

ied materials  
Material Carbon 

Emission 
(kgCO2 
eq/kg) 

Embodied 
Energy 
(MJ/kg) 

Source 

FA 0.01 0.1 Hammond & Jones 
(2008) 

GGBS 0.066 0.64 Indian database, 
IFC (2017) 

NaOH 0.625 10.8 Turner & Collins 
(2013) 

Na2SiO3 0.445 5.3 Heath et al., 2014; 
Fawar et al., 1999 

CA 0.017 0.3 Hammond & Jones 
(2008) 

NA 0.009 0.11 Hammond & Jones 
(2008) 

RAP 0.00209 0.0308 Lu et al. (2018) 
Water - 0.2 Hammond & Jones 

(2008) 
Admix-
ture 

0.72 11.4 Nepune (2022); 
Flower & Sanjayan 
(2007) 

Cement 0.91 6.4 Indian database, 
IFC (2017) 

 

 

Figure 1. (a) Compressive strength and (b) flexural strength of the studied mixes at different curing periods

 



 

 
Figure 3. Resistance to surface abrasion of the different geopolymer concrete mixes 

 

 
Figure 4.  Carbon dioxide emissions and energy consumption during the production phase of concrete

4 CONCLUSION 

This study demonstrated that coarse RAP aggregates 
outperformed fine RAP in flexural strength, while 
fine RAP provided superior compressive strength in 
geopolymer concrete. Replacing 50% of natural 
coarse aggregates with RAP in Pavement Quality 
Concrete (PQC) satisfied strength requirements after 
7 days, achieving compressive and flexural strengths 
of 41.80 MPa and 4.72 MPa, respectively. Fine RAP 
replaced up to 25% of natural sand and up to 75% for 
compressive strength-focused applications. Geopoly-
mer concrete with natural aggregates reduced carbon 
emissions by 50% compared to Portland cement, with 
a 54% reduction when 50% coarse RAP was used. 
Additionally, RAP-inclusive mixes exhibited strong 
resistance to surface abrasion. 
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1 INTRODUCTION 
Conventional rigid pavement construction relies 

on freshwater for both concrete production and sub-
grade compaction. The construction industry con-
sumes 17% of the available fresh water and requires 
500 liters to produce one cubic meter of concrete 
(De Brito and Saikia, 2013; Gagg, 2014). Excessive 
groundwater pumping beyond recharge rates de-
pletes underground aquifers, making them harder to 
replenish. Energy consumption is inherent in all five 
stages of the water life cycle, including extraction, 
purification, transportation, utilization, treatment, 
and discharge (Zhou et al., 2020). Approximately 
80% of freshwater extracted from natural sources is 
released into the environment as wastewater. How-
ever, effective treatment processes can assist in re-
claiming around 70% of the discharged wastewater 
(Yi et al., 2011).  
According to the Central Pollution Control Board, 
the estimated wastewater generation in India from 
urban sectors is nearly 72.4 million liters per day 
from municipal, industrial, and commercial activi-
ties. Only 28% was reused for different purposes af-
ter treatment, while the remaining treated 
wastewater was discharged into groundwater or riv-
ers without further utilization (CPCB, 2021). The 

utilization of potable water is typically mandated in 
various provisions due to its well-regulated and 
known chemical composition.  
However, where potable water is not easily accessi-
ble, alternative water sources can be effectively used 
in pavement construction (Kosmatka and Panarese, 
1995).  Several studies have investigated the use of 
treated wastewater in granular layer construction and 
concrete production (Chatveera and Lertwattanaruk, 
2009; Mahdy and Kandil, 2012). However, the re-
sponse of various layers in the rigid pavement, in-
cluding PQC, DLC, and subgrade to non-potable 
water remains underexplored, leaving a need for fur-
ther investigation. The scope of this study involved 
the use of paper and pulp industry treated 
wastewater at secondary and tertiary treatment levels 
in PQC, DLC, and in subgrade construction. The op-
timum dosage of treated wastewater for achieving 
the MDD and the corresponding mechanical proper-
ties were evaluated. The internal cement matrix was 
examined using scanning electron microscopy 
(SEM) to understand the behavior of cement at the 
microscopic level. Additionally, the toxicity leaching 
procedure assessed the potential for leaching to the 
ground surface.  

Application of industrial treated wastewater in rigid pavement 
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ABSTRACT: Rigid pavement construction relies on freshwater for concrete production and subgrade com-
paction, contributing to the depletion of natural water resources. This highlights the urgent need for alternative 
water sources to reduce freshwater dependency in pavement construction. Thus, the current study investigates 
the use of paper and pulp industry treated secondary and tertiary wastewater in pavement quality concrete 
(PQC), dry lean concrete (DLC), and subgrade construction. The compaction characteristics and leaching po-
tential of subgrade soil was assessed. Further, the mechanical and microstructural behavior of cement concrete 
were evaluated. Results indicated that treated wastewater marginally influenced the compaction properties of 
subgrade. Minerals in treated wastewater enhanced the CBR of subgrades, while metal concentrations re-
mained within regulatory limits. The secondary treated wastewater (STWW) reduced the maximum dry densi-
ty (MDD) of DLC approximately less than 5% and delayed ettringite formation in PQC. The study showed 
that treated wastewater from the paper and pulp industry can be a possible alternative for sustainable pave-
ment construction practices.  
Key words: Treated wastewater, pavement quality concrete, dry lean concrete, subgrade. 
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2 MATERIALS AND PHYSICAL PROPERTIES 

2.1 Cement 
Ordinary Portland Cement (OPC) 43, conforming to 
IS:8112, (2013) was used in this study. The specific 
gravity and standard consistency were recorded as 
3.16 and 29%, respectively.  

2.2 Treated wastewater 
Treated wastewater from paper and pulp industry 
(“Integrated Paper and Pulp Mill Ltd., Saharanpur – 
India”) were collected at secondary and tertiary 
treatment levels. Chemical characterization second-
ary treated wastewater (STWW) and tertiary treated 
wastewater (TTWW) was conducted as per the 
American Public Health Association (APHA),  
(2012) guidelines shown in Table 1.  

2.3 Mineral aggregates 
The soil used for the experimental investigation was 
procured from Roorkee city, India. As per the grain 
size distribution (unified soil classification system), 
the soil was classified as silty sand (SM). Coarse ag-
gregate of 20 mm nominal maximum aggregate size 
and coarse sand (Zone II) confirming to IS:383, 
(2002) was used for concrete production. 

3 EXPERIMENTAL PROGRAM 
The influence of STWW and TTWW were investi-
gated on subgrade compaction characteristics (OMC 
and MDD) and strength characteristics determined 
by California Bearing Ratio (CBR) values. Toxicity 
characteristic leaching procedure (TCLP) was per-
formed to evaluate the leaching characteristics of 
subgrade soil, following USEPA 1311 guidelines 
(USEPA, 1992). The performance of Dry Lean Con-
crete (DLC) was assessed based on OMC, MDD, 
and seven-day compressive strength as per IRC SP: 
49, (2014). For PQC, the compressive strength was 
evaluated at 3, 7, 14, 28, 56, and 90 days of curing. 
Additionally, SEM analysis was conducted to assess 
the cement hydration. 
 

4 RESULTS AND DISCUSSIONS 

4.1 Geotechnical characterization 
The OMC and MDD were determined using modi-
fied proctor density test in accordance with IS 2720 
(Part 8) specifications. As shown in Figure 1, the 
OMC was slightly higher for STWW (9.8%) and 
TTWW (9.6%) compared to TW (9.5%) samples.  
Further, this could be attributed to the presence of 
suspended and dissolved solids (Table 1) in STWW 
act as catalyst for higher water absorption due to 
their spongy nature.  

Figure 1. Compaction characteristics of TW and treated 
wastewater. 
 
Similarly, the MDD of STWW and TTWW showed 
a marginal variation of less than 2% compared to the 
control sample. In the case of CBR, the soil bearing 
capacity increased by approximately 7% for STWW 
and 2% for TTWW. The improvement in CBR can 
be explained by the presence of minerals and nutri-
ents in treated wastewater contributed to increasing 
the soil physical resilience.  

4.2 TCLP 
Table 2 presents the TCLP results of the subgrade 
prepared with TW and treated wastewater. Relative-
ly, STWW has higher concentrations of arsenic, 
lead, and chromium compared to TW and TTWW. 
Variations in metal concentration could be due to the 

Table. 1 Chemical analysis of TW and treated wastewater compared with standard guidelines. 

Parameter STWW TTWW TW (ASTM 1602, 
2012) 

(IS 456, 
2000) 

pH 8.13 7.93 7.6 <3 ≥ 6 
Sulphate (mg/l) 7 63.5 692.5 26.67 <3000 <4000 
Chloride (mg/l) 149 134 18 <0.05% <2000 

COD (mg/l) 72.4 61.2 5.2 - - 
BOD (mg/l) 42.3 31.4 0.74 - - 
TDS (mg/l) 1760 1732 198 <50,000 - 
TSS (mg/l) 121 101 1 -  ≤ 2000 

NH3-N (mg/l) 24.3 21.6 0.36 - - 
Total Hardness 

(as CaCO3) (mg/l) 279 261 228.4 - - 

Turbidity (NTU) 28 16 0.4 - - 



industrial discharges, runoff, or the types of chemi-
cals used in the treatment process. Chemical concen-
tration in STWW may result from the accumulation 
of metals during wastewater treatment. However, all 
the water types (TW, STWW, and TTWW) have 
metal concentrations below the USEPA regulatory 
levels. 

 
Table 2. TCLP results of subgrade soil prepared with TW 

and treated wastewater. 

Elements Tap water STWW TTWW 
USEPA 

Reg. 
Level 

Zinc 0.0924 0.1541 0.0724 - 
Copper 0.0187 0.0190 0.0187 5 
Nickle 0.0109 0.0127 0.0120 5 
Arsenic 0.0546 0.0842 0.0444 5 

Lead 0.0111 0.0256 0.0125 1 
Chromium 0.0004 0.0342 0.0195 1 

Zinc 0.0924 0.1541 0.0724 5 

4.3 DLC 
DLC samples (150×150×150 mm) were fabricated at 
different water contents ranging from 5-7%.  The 
OMC for TW and TTWW was consistent at 6%, 
which can be attributed to the higher treatment 
quality of TTWW. However, the OMC for STWW 
was slightly higher at 6.5%. The MDD showed a re-
duction with STWW (2400 kg/m3) compared to TW 
(2517 kg/m3) and TTWW (2490 kg/m3), indicating 
minor density loss with secondary treated 
wastewater. In terms of 7-day compressive strength, 
TW samples exhibited the highest value (16.5 MPa), 
followed by PSTWW (16 MPa) and PTTWW (15.5 
MPa). These variations highlight the influence of 
water quality on the compaction and strength charac-
teristics of DLC. 

4.4 PQC 
Figure 2 shows the compressive strength of TW and 
treated wastewater at different curing periods.  The 
compressive strength results of PQC indicate that 
TW samples consistently achieved higher values 
across all the curing periods compared to STWW 
and TTWW. The reduction in strength could be at-
tributed to the conversion of ettringite to monosul-
fate aluminate, which may disrupt the microstructure 
of the cement matrix. Further, residual impurities 
and variations in chemical composition from the 
treatment process may have impacted the cement 
hydration efficiency. However, the difference in 
compressive strength at 28 days of curing is approx-
imately 6% for STWW and 7% for TTWW com-
pared to TW. 
 
 

Figure 2. Variation in compressive strength of TW and treated 
wastewater at different curing periods. 
 

4.5 SEM  
The microstructure of PQC mixes with TW and 
treated wastewater at 28 days of curing can be seen 
in Figure 3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 SEM image of PQC mix: a) TW sample at 28 days 
curing b) STWW at 28 days curing. 
 
STWW was chosen for SEM image analysis due to 
its higher chemical concentration compared to 
TTWW. C-S-H gels and CH (portlandite) were 
evenly distributed in TW samples, indicating unin-
terrupted hydration. 
In contrast, the presence of ettringite in the STWW 
PQC mix after 28 days may indicate delayed ettring-
ite. This further leads to expansion or cracking with-
in the cement matrix (Yan et al., 2023). In terms of 
density, both samples showed similar patterns. Both 



samples exhibited similar microstructural patterns in 
terms of density and distribution of hydration prod-
ucts, suggesting better long-term durability. 

5 CONCLUSIONS 
a) Metal concentrations in STWW were rela-

tively higher due to industrial discharges or 
chemical treatments but remained within 
USEPA regulatory limits. 

b) Treated wastewater (STWW and TTWW) 
showed the marginal difference in compac-
tion characteristics compared to the control 
sample, while the CBR improvement high-
lights the contribution of minerals and nutri-
ents in treated wastewater. 

c) STWW caused a slight reduction in MDD 
compared to TW and TTWW. Variations in 
compressive strength emphasize the effect of 
water quality on DLC properties. 

d) Treated wastewater slightly reduced the com-
pressive strength of PQC compared to TW. 
This reduction was possibly due to impurities 
interfering with the cement hydration pro-
cess. 

e) Delayed ettringite formation observed in 
STWW samples may lead to microstructural 
disruptions, while hydration products and 
density patterns suggest comparable long-
term durability with TW. 
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1 INTRODUCTION 

Bitumen within asphalt mixtures undergoes oxidation 
over time, leading to performance deterioration such 
as deteriorated fatigue and thermal cracking re-
sistance (Petersen et al., 1996, Hu et al., 2022). One 
of the most promising methods to reduce the negative 
effects of bitumen ageing is incorporating additives 
termed as “antioxidants”. Antioxidants are chemical 
additives that can theoretically slow down the rate of 
oxidation and extend the life of asphalt pavements. 
Several additives have been used as antioxidants, in-
cluding Zinc diethyldithiocarbamate (ZDC), phenols, 
kraft lignin, quercetin (Haghshenas et al., 2021). Out 
of them, ZDC has been reported to be highly effective 
and promising (Adwani et al., 2024). 

Although using antioxidants to inhibit the oxida-
tion process in bitumen has proven to be a promising 
approach, a comprehensive understanding of its ef-
fectiveness remains limited. Moreover, most studies 
have only focused on the bitumen scale, without suf-
ficient evidence of effectiveness at the mixture scale. 
In this regard, this study aims to investigate the low-
temperature and fatigue performance of ZDC-modi-
fied asphalt mixtures. Such comprehensive perfor-
mance evaluation can provide robust evidence for the 
extension of the application of antioxidants. 

2 MATERIALS AND METHODS 

2.1 Materials 
The base bitumen used in this study was an unmodi-
fied PG 64-22 bitumen, with a penetration of 89 (0.1 
mm) and softening point of 49 oC. The aggregates 
were limestone, and the filler used was limestone 
powder. The binder content was 4.8%. The antioxi-
dant ZDC provided by Shanghai Macklin Biochemi-
cal Technology Co., Ltd with a purity of 98%. 

2.2 Test methods 
The ZDC with dosages of 3 % and 5 % by mass of 
bitumen was blended with the neat bitumen using a 
propeller type mixer at 190 oC for a period of 20 min 
followed by reduced temperature blending at 165 oC 
for 40 min at 600 rpm. Then, the ZDC-modified bitu-
men was blended with aggregates and fillers to pro-
duce asphalt mixtures. The loose mixtures were con-
ditioned in an oven at 135 oC for two hours to 
simulate the short-term ageing as per AASHTO R30-
22. Afterwards, the mixtures were separated into two 
sets. The first set was subjected to the manufacture of 
testing specimens. The second set was further condi-
tioned in the oven at 95 oC for 120 hours to simulate 
the long-term ageing as per NCHRP 09–54 report 
(Kim et al., 2021). Subsequently, the long-term aged 
loose mixtures were compacted. 

Asphalt mixtures were compacted using a seg-
mented rolling compactor as per ASTM D8079-23. 
The size of the slabs was 500 mm × 500 mm × 70 
mm. Afterwards, the beams with a dimension of 380 
mm × 63 mm × 50 mm were sawed from the slabs for 
four-point bending fatigue (4PB) tests. The cylindri-
cal specimens were manufactured using a Marshall 
compactor as per ASTM D6926-20 for the Indirect 
Tensile Asphalt Cracking Tests (IDEAL-CT). 

The 4PB fatigue tests were carried out at 25 oC as 
per ASTM D8237-21 standard. Prior to testing, the 
specimens were placed into the environmental cham-
ber at the same temperature for two hours of condi-
tioning. The loading frequency was 10 Hz, and the 
loading strain amplitude was 500 με. The IDEAL-CT 
was carried out with loading rate of 50 mm/min at 25 
oC and 12.5 mm/min at -10 oC as suggested in 
NCHRP Project D9-29 (Christensen and Bonaquist, 
2004). Prior to testing, the specimens were placed 
into a freezer at the same temperature for four hours 
of conditioning. 
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ABSTRACT: The performance deterioration of asphalt pavements caused by oxidative ageing can theoretically 
be lowered by incorporating antioxidants in asphalt mixtures. In this study, zinc diethyldithiocarbamate (ZDC) 
was employed to evaluate its effect as an antioxidant to slow down the ageing related performance deterioration 
of asphalt mixtures. Both ZDC-modified and unmodified asphalt mixtures were subjected to short-term and 
long-term ageing. Subsequently, four-point bending (4PB) fatigue tests were carried out at 25 oC, and indirect 
tensile asphalt cracking tests (IDEAL-CT) were carried out at 25 oC and -10 oC. The properties of long-term 
aged mixtures could be improved with the addition of ZDC. The ageing-mitigation efficiency of ZDC was more 
pronounced for the low-temperature performance (up to 69%) compared to fatigue performance (up to 44%). 



2.3 Data analysis 

In accordance with ASTM D8225-19, the work of 
failure (Wf) is calculated as the area under the load 
versus Load-Line Displacement (LLD) curve (Fig.1) 
through the quadrangle rule provided in Eq. (1). 

 
Figure 1. Load (P) versus Load-Line Displacement (LLD) 
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Where, Pi is the load at the i step, in kN, li is the 

LLD at the i step, in mm. 
Failure energy (Gf) is calculated using Eq. (2). 
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Where, D is the diameter of specimen, in mm, and 
t is the thickness of specimen, in mm. 

Cracking Tolerance index (CTindex) is calculated 
using Eq. (3). 
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Where, l75 is the displacement at 75% of the peak 
load after the peak, in mm, and |m75| is the absolute 
value of the post-peak slope, in N/m. 

Cracking resistance index (CRindex) is calculated 
using Eq. (4): 
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Where, P100 is the peak load of the tests. 
Flexibility index (FI) is calculated using Eq. (5). 
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3 RESULTS AND DISCUSSION 

3.1 Fatigue life 
The fatigue life of each asphalt mixture is shown in 
Fig 2. It was seen that long-term ageing is signifi-
cantly detrimental to the fatigue life of asphalt mix-
tures, as the fatigue life of neat long-term aged mix-
ture was only one-fourth of that for neat short-term 
aged mixtures. The introduction of the antioxidant 

increased the fatigue life of long-term aged mixtures 
by around 30%, by likely mitigating the ageing-in-
duced stiffening. Therefore, the asphalt pavements 
with antioxidants are expected to have longer service 
life and better durability. However, the difference be-
tween the fatigue lives of modified mixtures with var-
ying dosages was insignificant, which suggested that 
the dosage had limited impact on the fatigue life of 
asphalt mixture as per this evaluation criteria. 

 
Figure 2. Fatigue life of asphalt mixtures 

3.2 Cracking tolerance of asphalt mixtures at 
intermediate temperature 

Based on the IDEAL-CT, various parameters could 
be derived and calculated from the raw data, such as 
failure energy (Gf), post-slope of load-displacement 
curve, indirect tensile strength (ITS), flexibility index 
(FI), cracking resistance index (CRindex), and cracking 
tolerance index (CTindex). The indices calculated for 
the tests at 25 oC are illustrated in Fig.3. 

As shown in Fig.3 (a), the failure energies (Gf) of 
long-term aged asphalt mixtures were higher than that 
of short-term aged mixtures, indicating that more en-
ergy was required before the specimens were dam-
aged. Interestingly, the Gf of modified mixtures after 
long-term ageing were even higher than that of the 
unmodified mixture at the same ageing levels. The 
correlation between Gf and cracking resistance of 
mixtures is controversial as previous studies have re-
ported that Gf of long-term aged mixtures could be 
either higher or lower than that of short-term aged 
mixtures (Ling et al., 2017). Therefore, to avoid any 
arbitrary judgment of the antioxidant's effectiveness, 
Gf was used solely to illustrate changes in the proper-
ties of asphalt mixtures. 

As depicted in Fig.3 (b), the slope of short-term 
aged mixture was the smoothest while that for the 
long-term unmodified mixture was the steepest. The 
slope of the long-term aged, modified mixtures was 
higher than that of short-term aged mixtures while 
lower than that of long-term aged unmodified mix-
ture. A steeper slope represents that cracks could be 
developed quickly after the initial damage occurring 
(Nguyen et al., 2024). Therefore, the introduction of 
ZDC could effectively slow down the development of 
cracking during the long-term ageing process. More-
over, it was seen that the dosage of antioxidant did not 



play a crucial role in the effectiveness of the effect of 
ZDC as the slope of mixtures modified with varying 
dosages of ZDC were almost identical. 

For the indirect tensile strength of specimens, it 
was observed from Fig.3 (c) that the short-term aged 
mixtures had the smallest strength while the long-
term aged unmodified mixture had the largest 
strength. The strengths of ZDC-modified mixtures af-
ter long-term ageing resided between the short-term 
aged and unmodified long-term aged mixtures. It has 
been reported in previous studies that after long-term 

ageing, increase in stiffness could result in the in-
crease of strength. The introduction of the antioxidant 
can mitigate the stiffening effect caused by ageing, 
thereby reducing the strength of asphalt mixtures. 
When it comes to the three cracking-related indices, 
e.g. FI, CRindex and CTindex, as illustrated in Fig.3 (d), 
(e), and (f), three indices followed identical evolution 
trend: short-term aged mixture had the best flexibility 
and cracking resistance/tolerance, while those for 
long-term aged unmodified mixture had the least.

 

 
 
Fig.3 Indices for the IDEAL-CT at intermediate temperature: (a) Failure energy (Gf), (b) Post-peak slope of LLD curve, (c) Indirect 
tensile strength (ITS), (d) Flexibility index (FI), (e) Cracking resistance index (CRindex), and (f) Cracking tolerance index (CTindex) 

 
 

3.3 Cracking tolerance of asphalt mixture at low 
temperature 

Thermal cracking is the predominant distress in cold 
climates, causing transverse cracks perpendicular to 
the direction of traffic. The results of IDEAL-CT tests 
carried out at -10 oC are shown in Fig.4. 

As illustrated in Fig.4 (a), at low temperature, e.g. 
-10 oC, the failure energies of mixtures showed oppo-
site trends compared to those at intermediate temper-
ature. As mentioned earlier, the failure energy is con-
sidered to be arbitrary and should not be correlated 
with the cracking resistance of mixtures (Ling et al., 
2017).  

For other parameters, the effect of the antioxidant 
on the low-temperature cracking resistance was iden-
tical with that at intermediate temperature. The pri-
mary difference between the low-temperature crack-
ing resistance and intermediate temperature cracking 
resistance was that the antioxidant showed much 
higher effectiveness in mitigating the negative effect 
of ageing at low temperature. At intermediate 

temperatures, the incorporation of the antioxidant 
could improve the cracking resistance of asphalt mix-
ture slightly, however, at low temperature, the crack-
ing resistance of long-term aged asphalt mixture 
could be improved significantly. Some of the indices 
of the modified mixture after long-term ageing even 
were comparable to those for mixtures after short-
term ageing. Therefore, the antioxidant could effec-
tively mitigate the cracking-related distress of asphalt 
pavements in cold areas, thereby extending the ser-
vice life of pavements. 

The change in stiffness caused by ageing has a 
more significant influence on the low-temperature 
performance than on the intermediate-temperature 
performance of bitumen and asphalt mixtures. At low 
temperatures, asphalt mixtures tend to become very 
stiff and brittle, making them less able to resist load-
ing and more prone to cracking. As mentioned earlier, 
the incorporation of ZDC could significantly reduce 
the stiffness of mixtures caused by long-term ageing, 
thereby improving the low-temperature performance 
more efficiently.

 



 
Fig.3 Indices for the IDEAL-CT at low temperature: (a) Failure energy (Gf), (b) Post-peak slope of LLD curve, (c) Indirect tensile 
strength (ITS), (d) Flexibility index (FI), (e) Cracking resistance index (CRindex), and (f) Cracking tolerance index (CTindex) 

 
 

4 CONCLUSIONS 

This paper systematically characterised the ageing-
mitigating effects for asphalt mixtures of ZDC-based 
antioxidant. Based on the results, the following con-
clusions could be drawn. 

(1) The incorporation of ZDC could mitigate age-
ing effects, thereby slowing down the performance 
deterioration of asphalt mixtures. All properties of 
long-term aged asphalt mixtures measured at low 
temperature and intermediate temperature could be 
improved with the addition of ZDC. 

(2) The ageing-mitigation efficiency of ZDC was 
more pronounced for the low-temperature perfor-
mance of asphalt mixtures compared to the interme-
diate temperature performance. 

(3) The dosage of ZDC was not directly correlated 
with the ageing-mitigation effectiveness of ZDC, as 
the lower dosage showed either higher efficiency of 
lower efficiency. 
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1 INTRODUCTION  

In 2022, India generated over 170,300 metric 
tonnes of municipal solid waste (MSW) daily, reflect-
ing a 6% increase from the previous year [1]. Despite 
a high collection efficiency of 95.4%, 80-90% of 
MSW is still inadequately managed, leading to signif-
icant environmental pollution. The composition of 
MSW, largely biodegradable, inert, and recyclable 
materials, underscores the need for advanced waste 
management solutions. MSWI bottom ash, a byprod-
uct of waste incineration, shows potential as a substi-
tute for traditional aggregates in construction, though 
it requires treatment to address heavy metal contami-
nation [2]. Successful applications in countries like 
the Netherlands and Germany demonstrate that, with 
proper regulations and quality controls, MSWI bot-
tom ash can be effectively utilized in road construc-
tion, contributing to sustainability and reducing reli-
ance on natural aggregates. Our research aims to 
explore MSWI bottom ash as a sustainable partial re-
placement for aggregates in bituminous mixtures, ad-
dressing landfill limitations and disposal challenges. 

2 OBJECTIVES 

This study evaluates the performance of MSWI-
BA as a fine aggregate replacement in Bituminous 
Concrete Grade II (BC-II) mixes. It focuses on key 
properties such as Marshall Parameters, volumetrics, 
stiffness, moisture resistance, cracking susceptibility, 
and rutting susceptibility. The research will determine 
the optimal replacement percentage (0% to 50%) to 
enhance performance while meeting MoRT&H spec-
ifications. Additionally, it will assess the influence of 
MSWI-BA porosity on binder requirements, conduct 
leaching tests (TCLP) for environmental safety, and 
explore its potential as a sustainable alternative to 

natural aggregates in road construction, ultimately 
providing recommendations for its effective use in 
BC-II mixes. 

3 MATERIALS USED  

3.1 Bitumen 
This study utilized a viscosity-graded binder (VG-

40), and its physical properties were tested following 
standard guidelines. The results showed a softening 
point of 51.0°C (ASTM D36-14), ductility greater 
than 100 cm (ASTM D113-17), a penetration of 42.0 
mm (ASTM D5M-20), specific gravity of 1.06 
(ASTM D70-21), and a viscosity of 450 cS at 135°C 
(ASTM D4402-15). These values confirm the bind-
er's suitability for use in asphalt mixtures. 

3.2 Conventional Aggregates 
The physical properties of the aggregates used in 

this study were tested according to standard guide-
lines. The combined index (flakiness and elongation) 
was 34.56% (IS 2386 Part 1:1963), the aggregate im-
pact value was 17.71% (IS 2386 Part 4:1963), and the 
Los Angeles abrasion value was 27.1% (IS 2386 Part 
4:1963). These results ensure the aggregates meet the 
required criteria for use in the asphalt mix. 

3.3 Physical characteristics of MSWI-BA 
The performance characteristics of the tested ma-

terial reveal a specific gravity of 2.11 and an absorp-
tion rate of 15.02% (ASTM C 128 – 15). The liquid 
limit is 33.60%, while it shows non-plastic behavior 
at the plastic limit (AASHTO T 90 – 16). The modi-
fied Proctor density is measured at 17.06 KN/m³ with 
an optimum moisture content (OMC) of 14.04% 
(ASTM D1557 – 12). The California Bearing Ratio 
(CBR) is notably high at 100% (ASTM D1883 – 21), 
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indicating excellent strength, and the permeability is 
measured at 1.74 x 10⁻⁴ cm/sec (ASTM D2434 – 22), 
suggesting moderate drainage properties. 

3.4 Morphological characteristics of MSWI-BA 
The SEM analysis of MSWI-BA, as shown in Fig-

ure 1, revealed a complex and heterogeneous mor-
phology characterized by irregularly shaped particles 
with a rough surface texture. The ash particles exhib-
ited high porosity, with numerous voids and intercon-
nected channels evident at higher magnification. Var-
iations in grey levels across the particles may indicate 
compositional or density differences within the mate-
rial. The observed morphology is consistent with the 
thermal history of MSWI-BA, where high incinera-
tion temperatures induce partial melting and subse-
quent solidification of various waste constituents, 
forming agglomerated and porous structures. 

Figure 1. SEM images of MSWI-BA (Magnification = 10.0K X) 

3.5 Chemical Characterization of MSWI-BA 
The XRD results of MSWI-BA indicate a domi-

nant presence of silica (SiO₂) at 54.3%, followed by 
calcium oxide (CaO) at 12.8%, and alumina (Al₂O₃) 
at 9.7%, along with other oxides such as iron oxide 
(Fe₂O₃), magnesium oxide (MgO), and potassium ox-
ide (K₂O). The high silica content suggests potential 
pozzolanic properties that can enhance the strength 
and durability of asphalt mixes when used as a fine 
aggregate replacement. Additionally, the presence of 
CaO indicates potential cementitious reactions, im-
proving aggregate-asphalt binder bonding and en-
hancing mechanical properties like stiffness and de-
formation resistance. 

4 EXPERIMENTAL PROGRAM, RESULTS, 
AND DISCUSSION 

The MSWI-BA was thoroughly dried and then in-
corporated into the mix by substituting the designated 
percentage of fine aggregates (from 0 to 50 % re-
placement for fine aggregates with 10% increments), 
meeting the gradation requirement of the BC-II mix 
[4]. Subsequently, bitumen, heated to a mixing 

temperature, was added to the aggregate-MSWI-BA 
blend, and the mixture was thoroughly mixed to en-
sure uniform coating of the constituent particles. Mar-
shall Specimens were then prepared by compacting 
the mix using a Marshall compactor, applying 75 
blows on each face of the specimen. The Marshall 
mix design method (ASTM D 6927, 2015) was em-
ployed to determine the OBC for each mix. 

4.1 Volumetrics 
As shown in Table 1, the optimum binder content 

(OBC) demonstrated a clear increasing trend with the 
percentage of MSWI-BA replacement. This trend is 
consistent with previous studies [3]] suggesting that 
the higher porosity and asphalt absorption capacity of 
MSWI-BA particles compared to conventional fine 
aggregates contribute to increased binder content. 

Table 1.  OBC for different mixes 
Mix type OBC (%) VMA (%) VFB (%) 
Control Mix 5.73 16.75 76.12 
10 % Replacement 5.95 14.17 71.06 
20 % Replacement 6.16 14.21 71.12 
30 % Replacement 6.36 14.58 71.52 
40 % Replacement 6.70 15.08 72.93 
50 % Replacement 7.40 15.41 74.04 

4.2 Marshall Stability and Flow 
Figure 2 highlights the effects of MSWI-BA re-

placement on Marshall Stability and Flow. The mix 
with 10% MSWI-BA showed a slight improvement in 
stability compared to the control mix (CM), but sta-
bility declined as MSWI-BA content increased fur-
ther, attributing the decline to increased binder film 
thickness and smoother MSWI-BA particles, which 
reduce interparticle friction and bonding. Flow values 
mostly remained acceptable, except for mixes with 
40% and 50% replacement, where flow exceeded 5 
mm, indicating a potential for increased rutting sus-

ceptibility. 
Figure 2. Marshall Stability & Flow v/s % replacement of 
MSWI-BA 



4.3 Moisture Susceptibility and Indirect Tensile 
Strength  

The AASHTO T-283 indirect tensile test results 
(Figure 3) show that mixes with MSWI-BA exhibited 
higher ITS values compared to the control mix, which 
can be attributed to the increased binder content due 
to MSWI-BA's porous nature. This enhanced binder 
content improves the mix's cohesive forces, resulting 
in greater tensile strength. Additionally, the TSR val-
ues remained above the required 80%, indicating 
strong moisture resistance. The presence of SiO₂ 
(54.3%), CaO (12.8%), Al₂O₃ (9.7%), and Fe₂O₃ 
(5.4%) in MSWI-BA contributes to improved tensile 
strength, bonding, and durability. These oxides help 
preserve the mix’s moisture resistance, making 
MSWI-BA a viable alternative to conventional aggre-
gates in asphalt mixes without compromising perfor-
mance.  

Figure 3. ITS & TSR Values for different mixes 

4.4 Resilient Modulus  
The MR test results, depicted in Figure 4, show 

that at 25°C, bituminous mixes with MSWI-BA 
demonstrated higher stiffness (MR values) than the 
control, with the 50% replacement mix achieving the 
highest stiffness (5713 MPa). This can be attributed 
to the increased binder content and the angular shape 
of MSWI-BA, which enhances interparticle friction 
and load distribution. The high silica (SiO₂ at 54.3%) 
and calcium oxide (CaO at 12.8%) content in MSWI-
BA contributes to the improved stiffness and defor-
mation resistance. However, as temperatures in-
creased to 35°C, all mixes saw reduced MR values, 
indicating temperature sensitivity. This trend sug-
gests that while MSWI-BA enhances stiffness at 
lower temperatures, it may reduce the mix's resistance 
to deformation at higher temperatures. 

4.5 Rutting Evaluation (Dynamic Creep Test) 
The dynamic creep test results, as shown in Figure 

5, highlight the impact of MSWI-BA on the rutting 
resistance of bituminous mixes. While mixes with 
higher MSWI-BA replacement levels (40% and 50%) 
exhibited increased permanent deformation under 

repeated loading, indicating greater rutting suscepti-
bility, mixes with lower MSWI-BA content (10%, 
20%, and 30%) demonstrated improved resistance to 
deformation. The higher binder content required for 
MSWI-BA mixes, combined with the porous and an-
gular nature of MSWI-BA, contributed to both sof-
tening at elevated temperatures and stress concentra-
tions within the mix. However, the chemical 
composition of MSWI-BA, particularly its high SiO₂ 
and CaO content, plays a significant role in enhancing 
stiffness and bonding, which improves rutting re-
sistance at lower replacement levels. This mixed be-
haviour suggests that while MSWI-BA can enhance 
pavement performance, the replacement percentage 
must be carefully optimized to balance stiffness, 
strength, and deformation resistance, particularly un-
der the stresses and temperatures typical of heavy 
traffic loads. 

Figure 4. Resilient Modulus values at 25˚C and 35˚C 

Figure 5. Permanent Actuator deformation for different mixes 

4.6 IDEAL-CT Test  
Key performance parameters—CT (Cracking Tol-

erance)-Index, |m75|, Fracture Energy (Gf), L75/m75 
ratio, and AFR—are critical for evaluating asphalt 
mixtures cracking resistance and flexibility (ASTM D 
8225, 2019). The IDEAL-CT test results show that 
MSWI-BA improves cracking resistance and flexibil-
ity at 10% to 40% replacement levels, attributed to 
CaO and Al₂O₃, which enhance bonding and tough-
ness. Higher CT-Index, lower |m75|, and increased Gf 
values at these levels suggest balanced stiffness and 



flexibility, improving stress distribution and crack re-
sistance (Table 2). However, at 50% replacement, ex-
cessive stiffness and brittleness reduce performance 
due to high SiO₂ content, highlighting the need for 
optimal MSWI-BA dosage. 

Figure 6. Load v/s Displacement Curves 

Table 2.  CT-Index test results 
Mix type CT-

In-
dex 

|m75| Gf  

(N/m2) 
L75/m75 

Control Mix 12.09 8.19 16.75 0.25 
10 % Replacement 25.03 5.03 14.17 0.49 
20 % Replacement 31.46 5.25 14.21 0.58 
30 % Replacement 10.80 7.84 14.58 0.27 
40 % Replacement 28.56 4.66 15.08 0.60 
50 % Replacement 7.11 7.47 15.41 0.23 

4.7 Environmental Evaluation (TCLP) 
A comprehensive environmental evaluation was 

conducted to address concerns about the potential 
leaching of heavy metals from MSWI-BA, focusing 
on lead (Pb). The Toxicity Characteristic Leaching 
(TCLP) test, as per USEPA Method 1311, was per-
formed on raw MSWI-BA and asphalt mixes contain-
ing MSWI-BA. Results indicated that lead concentra-
tions in the leachate were well below the regulatory 
limit of 5.0 mg/L set by the CPCB of India. Specifi-
cally, raw MSWI-BA showed a lead concentration of 
0.77 mg/L, which was reduced to 0.08 mg/L when in-
corporated into bituminous mixes. This reduction is 
attributed to the encapsulation properties of the bitu-
minous binder, which immobilizes heavy metals, pre-
venting their leachability. The oxides in MSWI-BA, 
such as CaO and SiO₂, likely stabilize lead by forming 
insoluble compounds. These findings, consistent with 
previous studies, suggest that using MSWI-BA in as-
phalt pavement does not pose significant environ-
mental risks and is a sustainable alternative in road 
construction. 

 

5 CONCLUSIONS 
This study demonstrates the viability of using 

MSWI-BA as a sustainable alternative to conven-
tional fine aggregates in BC-II mixes, enhancing key 
pavement performance metrics. While MSWI-BA re-
quires a higher binder content due to its porosity, it 
improves Marshall Stability and stiffness, particularly 
at moderate replacement levels up to 30%, with 20% 
identified as optimal for balancing stability, flow, and 
volumetric properties. Performance tests show in-
creased tensile strength, stiffness, and cracking re-
sistance, though brittleness and rutting susceptibility 
rise at higher replacement levels. Environmental as-
sessments via TCLP confirmed that MSWI-BA is 
non-hazardous, with heavy metal leaching well below 
regulatory limits, thanks to the encapsulation by the 
bituminous binder. Overall, MSWI-BA offers a sus-
tainable and technically feasible alternative for BC-II 
mixes at levels up to 20%, contributing to resource 
conservation, waste valorization, and improved pave-
ment performance, though careful consideration of 
higher replacement levels is necessary. Further stud-
ies on long-term field performance and environmen-
tal sustainability are recommended to unlock MSWI-
BA's full potential in pavement construction. 
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1 INTRODUCTION 
Since its inception, bitumen, a by-product of 

petroleum refining, has been the subject of consider-
able attention. The applications of bitumen have 
gradually expanded in line with the advancement of 
human understanding and technological progress. To 
date, asphalt has become a significant raw material 
in a number of industries, including road construc-
tion, civil engineering and roof waterproofing. A 
substantial proportion of the global annual produc-
tion of bitumen is consumed in the construction and 
maintenance of roads, thereby confirming its domi-
nant role in the use of bitumen in the construction 
industry. However, the non-renewable nature of bi-
tumen, in conjunction with the reduction in global 
oil reserves and the influence of external factors, has 
resulted in consistently elevated bitumen prices. The 
current situation is having a significant impact on the 
pavement industry, where there is an increasing de-
mand for the construction and maintenance of as-
phalt pavements. Consequently, there is also an in-
creasing demand for bitumen. The growing 
contradiction between supply and demand makes it 
imperative to look at least for a partial replacement 
of crude oil based bitumen that is environmentally 
friendly, renewable and ensures a stable supply. 

The use of lignin in flexible pavements is not 
a new concept, Terrel [1] presented a report related 
to the evaluation of wood lignin as a substitute or ex-
tender of asphalt. However, recently there has been a 

significant increase in interest in this topic as noted 
by Gaudenzi, et al. [2]. In particular, over the last 
decade there has been an exponential rise in research 
about the use of lignin in pavements. These studies 
explore different types of applications: as a bitumen 
modifier, extender or partial replacement of bitumen 
[3], and as an antioxidant additive [4]. The lignin has 
demonstrated the ability to act as a neutralizer, 
"hunter", stabilizer, and inhibitor of free radicals 
produced during oxidation processes. This antioxi-
dant property is primarily due to the presence of 
phenolic groups that, given the presence of hydrox-
yls, have the ability to donate an electron to the free 
radical, affecting its reactivity and stabilizing it and 
thereby reducing their effects on the pavement mate-
rial [4]. These multifunctional properties of lignin 
underscore its potential as a sustainable and effective 
practical bitumen replacement.  

 
2 MATERIALS TESTED 
In this research, a bitumen classified as 50/70 

(1/10mm) penetration grade, commonly used in as-
phalt pavements in Germany, was selected as the 
base bitumen. The 3 types of lignin employed in this 
research and their chemical composition are listed 
below (Table 1). The chemical analysis of the lignin 
materials was carried out at the Pontifical Catholic 
University of Chile. While Kraftlignin and Organo-
solv-Lignin have similar chemical compositions, 
Lignosulfonate shows high sulfur and nitrogen con-
tent as well as low carbon content. To assess the ef-

Effect of lignin-modification on the rheological properties of bitumen 

S. Leischner, L. Tolsdorf, E. Kamratowsky, A. Mangalath Shine, A. Zeissler and G. Canon 
Falla  
 
TU Dresden, Dresden, Saxony, Germany 
 

 
 

 
 

 
 ABSTRACT: This publication presents the outcome of a study which sought to evaluate the rheological be-
havior of lignin-modified bitumen (bitumen 50/70 with 20% lignin) using 3 different kinds of lignin. In par-
ticular, the properties of the lignin-modified bitumen are compared with those of a conventional bitumen 
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laboratory study, the rheological properties of the bitumen were analyzed using the results of tests with the 
dynamic shear rheometer (DSR) and the corresponding properties were compared. Conclusions could be 
drawn regarding the rheology of the analyzed lignin-modified bitumen in comparison to the unmodified base 
bitumen.  



fectiveness of bitumen incorporating lignin, bitumen 
samples were prepared with 20 M.-% lignin. The se-
lected lignin percentage was chosen by prior exper-
imental research [3]. Kraftlignin is sourced from 
Chile, while Organosolvlignin and Lignosulphonate 
are supplied from Germany.   
Table 1. Main chemical components of the lignin variants. 
Materials N C H S 

  [%] [%] [%] [%] 

Kraftlignin       0.20                63.6                  5.7                      1.40       
Organosolv- 
lignin 

      0.17             63.2           5.9              0.37           

Lignosulfonate       1.32           41.9          4.4             5.45            

The production of a homogeneous mixture of lignin-
modified bitumen presents a number of challenges, 
largely due to the hydrophilic nature of lignin. It was 
therefore essential to exercise strict control over the 
mixing parameters, including temperature and rota-
tion speed of the high shear mixer used. The optimal 
parameters for the mixing process were a constant 
mixing temperature of 135°C, a mixing rotation 
speed of 5000 rpm, and a mixing duration of 60 
minutes. To simulate the ageing process, the blends 
were subjected to short-term ageing in a laboratory 
setting, in accordance with the requirements of EN 
12607-1 [5], using a rolling thin film oven (RTFO) 
at 163°C for a period of 75 minutes. Table 2 pro-
vides an overview of the different materials tested in 
this study. 
Table 2.  Sample labeling. 
Sample Modification Aging Status 

B50/70 base bitumen  unaged 
B50/70-a base bitumen  RTFO aged 
B50/70 KL 20% Kraftlignin 

 
unaged 

B50/70 KL-a 20% Kraftlignin 
 

RTFO aged 
B50/70 OL 20% Organosolv 

 
unaged 

B50/70 OL-a 20% Organosolv 
 

RTFO aged 
B50/70 LL 20% Lignosulfonate 

 
unaged 

B50/70 LL-a 20% Lignosulfonate   RTFO aged 
 

3 DSR TESTS 
To evaluate the rheological properties of the ma-

terials, temperature frequency sweeps (TFS) were 
conducted within a temperature range of 70°C to       
-40°C at 10 K intervals. The tests were performed in 
a strain-driven mode, adjusting the strain level to 
stay within the linear viscoelastic range of the mate-
rials. The frequency sweeps covered a range from 
0.152 to 15.92 Hz, with 10 frequencies per decade. 
Two samples were tested for each variant. With the 
results of the TFS, master curves were employed to 
describe the frequency-temperature dependency of 
the complex shear modulus (G*) and phase angle 
(δ). The shift factors were determined using the Wil-
liams-Landel-Ferry (WLF) function [6] to produce a 
continuous master curves. The reference temperature 
was chosen as 20°C. The results of the TFS were 
used to fit the 2S2P1D model [7] in conjunction 

with the Time Temperature Superposition (TTS) 
principle.  

 
4 DSR TEST RESULTS  

4.1 Rheology 
The outcomes of the TFS tests are illustrated in 

Figures 1 and 2. Firstly, the rheological data ob-
tained from the TFS tests were employed to con-
struct the master curves.  Because smooth master 
curves could be constructed, all bitumen tested are 
thermo-rheological simple materials.  

Figure 1. Master curves for the unaged materials tested (refer-
ence temperature = 20°C). 

The incorporation of lignin into the bitumen re-
sults in a stiffening of the binder, as evidenced by 
the upward shift of the functions. Figure 2 presents 
the Cole-Cole plots of all materials tested in RTFO-
aged condition.  

Figure 2. Cole-Cole plots of the RTFO-aged materials tested 
including 2S2P1D curves.  

Analyzing the values of the base bitumen and the 
overall shape of each curve, all lignin-modified bi-
tumen have higher G’ and G” values, which is owed 
to their higher stiffness. The B50/70+KL and 
B50/70+OL show similar Cole-Cole plots and hence 



a similar rheological performance possibly due to the 
similar chemical composition of the lignin. The 
B50/70 LL is less stiff in aged condition at low tem-
peratures compared to the other lignin modified bi-
tumen. The shift factors utilizing the WLF method 
are presented in Table 3 and the 2S2P1D model pa-
rameters are listed in Table 4.  
Table 3.  WLF parameters. 
Materials WLF Parameters 
  C1 [-] C2 [K] 

B50/70 14 115 
B50/70-a 21 163 
B50/70 KL 14 105 
B50/70 KL-a 20 130 
B50/70 OL 20 130 
B50/70 OL-a 20 130 
B50/70 LL 20 130 
B50/70 LL-a 19 150 

 
Table 4.  2S2P1D model parameters,  = 371, h = 0.58. 
Materials 2S2P1D Parameters   

  
G∞ 

[MPa] 
  
[-] 

k  
[-] 

  
[s] 

R2
G* 



R2
 



B50/70 640.87 2.64 0.23 2.65E-06 0.995 0.997 

B50/70-a 578.22 3.60 0.24 1.44E-05 0.995 0.994 

B50/70 KL 614.08 2.70 0.23 1.21E-05 0.998 0.986 

B50/70 KL-a 736.87 3.15 0.23 6.87E-05 0.993 0.956 

B50/70 OL 702.73 2.30 0.23 1.32E-05 0.992 0.968 

B50/70 OL-a 755.75 2.50 0.21 2.89E-05 0.992 0.968 

B50/70 LL 723.99 2.30 0.22 2.92E-05 0.992 0.986 

B50/70 LL-a 649.75 3.15 0.26 3.21E-05 0.999 0.982 
 
The Cole-Cole plots presented in Figure 2 

demonstrate the actual data and the values predicted 
by the 2S2P1D model. A small gap between the ac-
tual and predicted data, which is also evidenced by 
the R2 values shown in Table 4, indicates that the 
2S2P1D model provides a good fit for the materials 
tested. It can be concluded that the 2S2P1D model is 
capable of adequately modelling the rheological be-
havior of the lignin-modified bitumen tested. As a 
result of the aging process, the value of the parame-
ter  increases. The G∞ values of the aged lignin-
modified bitumen are larger than that of the B50/70-
a, which indicates a higher stiffness at low tempera-
tures. The k parameter is largest for the B50/70 LL-a 
which implies a rheological different performance at 
low temperatures compared to the other lignin-
modified bitumen.  

4.2 Aging performance 
The change in relevant properties of bituminous ma-
terials due to aging can be assessed using an aging 
index, AI: 
 AI = Paged/Punaged              (1) 

where Punaged - any physical property measured on 
the unaged bituminous materials, and Paged - the 
same physical property measured under aged condi-
tions.  
To determine the aging index AIG*, the complex 
shear modulus at 40°C down to -10°C at a frequency 
of 10 Hz was employed. A material with a low AIG* 
is less susceptible to the effects of aging, and there-
fore exhibits fewer changes in comparison to unaged 
materials. Figure 3 illustrates the AIG* for all materi-
als.  

Figure 3: AIG* at 10 Hz for the materials tested. 
The findings indicate that the base bitumen B50/70 
and the B50/70+LL exhibits reduced sensitivity to 
aging effects in comparison to the lignin-modified 
bitumen B50/70+KL and B50/70+OL. Among the 
lignin-modified bitumen, the B50/70 KL demon-
strates the highest degree of aging susceptibility. 

4.3 Modification Index 
To present the lignin modification effects on the 

bitumen, the modification index (MI) was first cal-
culated for the complex shear modulus at different 
temperatures at a frequency of 10 Hz (Figure 4). The 
formula used is as follows: 

MI = M/B                (2) 
where M – the modified bitumen property and B – 
the corresponding base bitumen property. In general, 
the modification of lignin results in an increase in 
stiffness, in unaged and aged state.  

Figure 4. MI of complex shear modulus at 10 Hz for the mate-
rials tested. 
In the aged state, the highest rise in stiffness is ob-
served for B50/70 KL. Similar stiffening effects 
were observed in mastic samples [8], indicating that 
lignin may act also as a filler. 
In order to provide a concise overview and evalua-
tion of the findings related to the rheology of the 



aged lignin-modified bitumen in comparison to the 
base bitumen, a spider diagram, was developed (Fig-
ure 5) for the MI on the basis of the following pa-
rameters: phase angle at 10 Hz and 20°C (represent-
ing the rheology at medium temperatures), Glass 
shear modulus (represents the response at low tem-
peratures), complex shear modulus at 20°C and 10 
Hz (representing the stiffness at medium temperature 
range), AIG* and AI at 20°C and 10 Hz (represent-
ing the aging at medium temperature range).  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Modification indices. 
The most significant effects of lignin modification 
are manifested in terms of a considerable increase in 
G* and a slight increase in G∞. In the case of Kraft 
lignin-modified bitumen, a higher degree of aging 
susceptibility can be observed. 

 
5 CONCLUSIONS 

This article examines the impact of three different 
lignin on the performance of a bitumen, pen grade 
50/70, at a representative quantity of 20 M.-%. The 
analysis was focused on rheological characterization 
with the objective of evaluating the potential antiox-
idant effect of lignin. The rheological performance 
was evaluated through a TFS test, which was em-
ployed to assess the viscoelastic properties. In light 
of the findings, the following conclusion can be 
drawn.  

 It is possible to modify bitumen by adding 
lignin. The modification with lignin signifi-
cantly impacts the bitumen performance.  

 The chemical composition of lignin affects 
the rheological properties of lignin-modified 
bitumen. In the unaged and RTFO aged 
condition, there is an increase (1.5 to 2.5 
times depending on the temperature and 
type of lignin) in stiffness for the lignin-
modified bitumen compared to the base bi-
tumen.  

 Furthermore, the Kraft and Organosolv lig-
nin-modified bitumen displays a heightened 
susceptibility to aging, manifested in stiff-
ness, in comparison to the base bitumen. 
The Lignosulfonate-modified bitumen 
shows less sensitivity to aging at tempera-
tures > 20°C than the base bitumen 50/70.  
That supports the hypothesis that lignin 

could enhance the aging resistance of bitu-
men under certain conditions. However, the 
antioxidant effect of the lignin depends on 
the chemical composition of the lignin used.  

It is essential to emphasise that the objective of 
this research was to analyse a limited number of lig-
nin samples and only one percentage of lignin in 
short term aging condition. The bitumen should also 
be tested in long term aging conditions. The results 
are therefore preliminary. In order to evaluate the ef-
fect of lignin-modified bitumen on the asphalt mix-
ture level, further performance tests on asphalt sam-
ples using lignin-modified bitumen should be 
undertaken.       
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1 INTRODUCTION 
The multibillion-dollar construction industry has 
significant environmental impacts. The rapid growth 
of the petroleum industry has increased waste pro-
duction (Asim et al. 2021). To mitigate these effects, 
the industry must adopt sustainable waste manage-
ment practices. One promising approach is using 
Oil-contaminated sands (OCS) in road construction. 
Oil sands, which contain high concentrations of bi-
tumen or asphalt, can be used for oil extraction. 
These natural sands, with bitumen content ranging 
from 8% to 15% are typically low in load-bearing 
capacity (Anochie et al. 2008). For the past century, 
pavement surface development near oil reserves has 
involved using oil sand without guidelines (Vrtis & 
Romero 2015). This makes integrating these materi-
als into pavement construction difficult.  

The use of oil-contaminated sand in construction 
offers a realistic and cost-effective method for re-
ducing environmental impact. However, it is essen-
tial to study how oil pollution affects the mechanical 
properties of sand. Abousnina et al. (2015) examined 
how petroleum-derived contaminants affected the 
water absorption, permeability, cohesion, friction 
angle, and shear strength of fine sand. They found 
that at optimal levels of light crude oil contamina-
tion, the mechanical properties of fine sand im-
proved, suggesting potential for its use in construc-
tion. At the ideal contamination level, the sand 
exhibited high shear strengths, making it a viable 

substitute for fine sand in asphalt concrete mix de-
sign without compromising performance. This could 
result in mor durable and resilient pavement. 

Al-Mutairi et al. (1997) researched methods for 
cleaning large quantities of oil-contaminated sand in 
Kuwait’s desert, with the aim of restoring it to its 
natural state and exploring its potential use in as-
phalt concrete for secondary roads. Their findings 
indicated that crude oil-tainted sand could be incor-
porated into asphalt concrete, with laboratory tested 
asphalt mixes meeting international standards. These 
mixes are suitable for use in secondary roads, road 
beds, subbases, impermeable layers for landfills and 
hazardous locations, and steep embankment stabi-
lizers. Zhou (2019) examined the potential of oil 
sands as both a foundational and surface material for 
gravel roads. His research showed that Lean Oil 
Sand, when mixed in appropriate ratios with gravel, 
helped reduced dust on unpaved roads and strength-
ened road layers. 

To specify the appropriate use of oil sands in as-
phalt concrete, further testing is necessary. Without 
clear data on their mechanical properties, companies 
may find it difficult to incorporate materials into de-
sign specifications. Tar sand may eliminate the need 
for asphalt binder, offering both cost savings and 
promoting waste management innovation. However, 
the lack of technical support and guidelines from 
transportation agencies limits the widespread adop-
tion of oil sand in pavement construction. Economic 
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duces the environmental impact of road construction.  



studies by Gwilliam (2010) suggest that using oil 
sand in asphalt pavement could benefit private sector 
companies, as well as local and state governments. 
This study highlights the results of a comprehensive 
laboratory investigation aimed at developing tests to 
characterize the volumetric and mechanical proper-
ties of oil sands. These findings could lead to the es-
tablishment of standard specifications for oil sand 
asphalt concrete. 

2 METHODS 

2.1 Classification of Trinidad Oil Sand 
Tar sand deposits have been present in southwest 
Trinidad since 1930 (Ransome 2014). The Oil Sand 
samples for the testing protocols were supplied by 
Stollmeyer's Oil Sand Quarry in Trinidad. Figure 1 
compares a heavily contaminated dark sand sample 
with fine aggregates typically used locally. The OCS 
sample contained 10.1% hydrocarbon pollution. 
Sieve analysis was conducted, and according to the 
unified classification system the contaminated sand 
is classified as SM (silty sand). 

 

 
Figure 1. Materials (a) contaminated oil sand – natural state (b) 
CS (c) limestone dust (d) sharp sand. 

2.2 Laboratory prepared asphalt concrete mixes 
This study developed asphalt mixtures for low-
volume, medium-traffic highways using Marshall 
design criteria. The assessment focused on density, 
flow, percent of voids filled with asphalt (VFA), 
voids in mineral aggregates (VMA), and stability. 
The main components of the asphalt mixtures were 
natural aggregates (NA), including coarse aggre-
gates, fine sand, dust, and bitumen. These samples 
were used as a reference base line for typical blends, 
allowing OS+NA (oil sand plus natural aggregates) 
and NA samples to be compared.  

For the OS+NA mixtures, four mix designs were 
prepared with oil sand contents of 0, 10, 20, 30, and 
100% as shown in Figure 2. The NA mixture, which 
included 20% sharp sand instead of oil sand, served 
as a control for evaluating the effects of oil sand. 
The mixture with 100% contaminated oil sand is re-
ferred to as OSM.  

  

 
Figure 2. Study mixes designed according to dense grade speci-
fication.  

3 RESULTS AND DISCUSSIONS 

3.1 Density 
Figure 3 shows that binder concentration increased 
with density in the normal mix without oil sand. 
However, increasing binder amount decreased densi-
ty in oil sand combinations. As oil sand increased, 
density loss accelerated, as shown by the steeper 
slopes. This can be attributed to the low mass of oil 
sand, which consists primarily of sand, silt, water, 
and bitumen. The 100% oil sand sample, in particu-
lar, has a lower density than the other mixes. Adding 
lightweight ingredients like bitumen and water fur-
ther reduces density. Water in oil sand causes buoy-
ancy, further reducing its density. Even when 
crushed, oil sand retains air gaps. These spaces low-
er density by reducing mass per volume. These air-
filled spaces indicate that the volume is not fully sol-
id. It is also important to note that oil sand cannot be 
crushed beyond a certain air voids ratio. Despite ef-
forts to compact the material, restrictions in particle 
arrangement prevent further increases in density. 

 
Figure 3. Effects of OS on Density. 

3.2 VMA and VFA 
Figure 4 shows how the presence of binder increases 
the Voids in Mineral Aggregate (VMA) in oil sand 
mixtures. The VMA of oil sand blends is consistent 
at 6% binder but varies at 4%. In the mixture with-
out oil sand, an increase in binder concentration 
leads to a slight reduction in VMA. In contrast, some 
oil sand mixtures show a significant increase in 
VMA as binder content rises. More voids in asphalt 



can negatively impact its performance, reducing its 
efficacy, pavement durability, moisture resistance, 
and resistance to deformation. Petroleum in oil sand 
affects aggregate adhesion. If bitumen is not evenly 
distributed or blended, it may have reduced cohe-
siveness, leading to voids.  Oil sand mixtures failed 
to meet the VMA high traffic criterion of 15%. 
VMA increases with binder content, but the pres-
ence of additional oil sand leads to a smaller in-
crease in Voids in the Filler (VFA). This is evident 
from the shallower gradients observed in the oil sand 
mixtures. The bitumen concentration and viscosity 
in oil sand influence the asphalt binder's ability to 
coat and cover aggregate voids. If the binder cannot 
sufficiently fill these cavities enough, it lowers the 
VFA, which in turn affects moisture resistance and 
durability. Lower VFA values can also impact the 
mechanical properties of the asphalt mixture, includ-
ing moisture resistance and deformation. 

 
Figure 4. Effects of OS on VMA and VFA. 

3.3 Stability and Flow 
Figure 5 shows that the addition of binder reduces 
the stability of oil sand mixtures. Furthermore, the 
presence of oil sand itself reduces the stability of the 
combination. After adding 5.5% binder, the 20% oil 
sand blend proved unstable. Neither the 30% oil 
sand mixture nor the 100% oil sand sample exceed-
ed the minimum stability requirements set by HMA 
standards. Similarly, Al-Mutairi et al. (1997) found 
that stability values were higher with a 27% oil sand 
blend, yielding 7.254 and 8611 kN respectively. 
However, their oil sands contained only 0.5% and 
0.75% of the total blend, compared to the 3.03% 
used in this study. This study used a 10% mix with 
1.01% oil contamination, which is comparable to the 

27% mix used by Al-Mutairi et al. (1997). The sta-
bility of a 70% natural bitumen from sand and a 
30% conventional binder blend examined by Ionita 
(2017) was stronger than that of the 20% oil sand 
mix in this study, which contained 24.19% oil sand 
and 7.2% bitumen (optimum binder concentration). 
This difference may be attributed to oil contamina-
tion characteristics. The irregular shapes and sizes of 
oil sand particles can negatively affect aggregate in-
terlocking, thereby reducing stability. Poor inter-
locking leads to lower shear strength, which can lead 
to the likelihood of rutting. In contrast, well-coated 
aggregate particles improve the mélange cohesive-
ness and stability of the mixture. 

Figure 8 shows that oil sand mixtures with higher 
bitumen content exhibit greater flow. The flow of 
the 30% oil sand blend surpassed the upper limit, 
which suggests excessive fluidity. Oil contamination 
can decrease aggregate friction, preventing stone-on-
stone contact and allowing the particles to slip past 
each other, causing high flow. While the 100% oil 
sand sample demonstrated good flow, its low stabil-
ity, makes making it unsuitable for surface courses. 
Conversely, the 0% oil sand blend showed the high-
est stability, while the 30% oil sand mix exhibited 
the least.  

 
Figure 5. Effects of OS on stability and flow. 

3.4 Elastic Modulus 
As shown in Figure 6, the introduction of oil sand 
reduces the elastic modulus of the sample. The Stiff-
ness of the 10% and 0% oil sand mixes is similar, 
but with 20% oil sand or more, the Indirect Tensile 
Stiffness Modulus (ITSM) decreases by approxi-
mately 50%. The layer might be thinner with higher 
surface stiffness. A decrease in ITSM would require 



thicker pavement, which costs more. Oil sands influ-
ence asphalt binder viscosity, affecting elastic re-
sponse. Oil sands also affect the viscosity of the as-
phalt binder, which in turn influences the elastic 
response. This lowers the elastic modulus at higher 
temperatures and improves the workability of the 
mixture. 

 
Figure 6. Oil Sand content vs ITSM. 

3.5 Proposed specifications 
Table 1 presents a specification for the use of asphalt 
concrete and oil sand. This is specification is essen-
tial for several reasons. First, it ensures consistency 
and quality in material performance, which is crucial 
for longevity and safety if infrastructure. Second, it 
facilitates effective communication among stake-
holders, including engineers, contractors, and regu-
latory bodies, by providing clear guidelines and 
standards. Third, a well-defined specification helps 
in optimizing material properties, ensuring that the 
final product meets environmental regulations and 
sustainability goals. Lastly, it aids in cost manage-
ment by minimizing the risk of project delays and 
material failures, ultimately leading to more efficient 
construction practices. 
Table 1.  Proposed specification for incorporating oil sand for 
light traffic roads 

Criteria Design Traffic 
3000 - 7500 vpd 

 min max 
Stability, newtons >5350 
Oil Sand 0 15 
Virgin binder content 2 5 
Voids in Mineral Aggregates (VMA) >12 
Voids Filled with Asphalt (VFA) 65 80 
Air voids content 3 5 
Flow, mm 2 4 
Bulk Specific gravity  >2.250 
ITSM @ 25oC, MPa >2000 

4 CONCLUSIONS 

The inclusion of oil sand in asphalt mixtures may 
necessitate adjustments to the mix design. Adjusting 
aggregate ratios or binder quantities may be needed 
to achieve the desired VMA and asphalt perfor-
mance. This paper presents the results from a com-

prehensive laboratory investigation on three asphalt 
mixtures containing 10%, 20%, and 30% oil sand by 
weight. An improved laboratory testing technique 
was developed to determine the specific gravity of 
oil sand.  

Asphalt concrete can be produced using oil-
contaminated sand, and the laboratory's asphalt con-
crete mixes meet international standards. These mix-
es can be used for constructing secondary roads, 
road beds, subbases, impermeable layers for landfills 
and polluted areas, as well as steep embankment sta-
bilizers. However, to prevent premature composite 
failure due to insufficient stability, flow, and elastic 
stiffness modulus, oil sand should be used in small 
quantities (<15%). Raw oil sand is too weak, leading 
to excessive rutting in pavement. The oil sand speci-
fications, are most suitable for low-volume roads. 

5 REFERENCES 

Abousnina, R. M., Manalo, A., Shiau, J. & Lokuge, 
W. (2015). Effects of light crude oil contamination 
on the physical and mechanical properties of fine 
sand. Soil and Sediment Contamination: An Interna-
tional Journal, 24(8), 833-845. 
Al-Mutairi, N. M. & Eid, W. K. (1997). Utilization 
of oil-contaminated sands in asphalt concrete for 
secondary roads. Materials and structures, 30, 497-
505.  
Anochie-Boateng, J., Tutumluer, E. & Carpenter, S. 
H. (2008). Permanent deformation behavior of natu-
rally occurring bituminous sands. Transportation 
Research Record, 2059(1), 31-40.  
Asim, N., Badiei, M., Torkashvand, M., Moham-
mad, M., Alghoul, M. A., Gasaymeh, S. S. & Sopi-
an, K. (2021). Wastes from the petroleum industries 
as sustainable resource materials in construction sec-
tors: Opportunities, limitations, and directions. 
Journal of Cleaner Production, 284, 125459.  
Gwilliam, T. S. (2010). Economic feasibility of oil 
sand use in asphalt pavements. Utah Science, Tech-
nology, and Research Initiative, Salt Lake City, 
Utah. 
Ioniţă, G. (2017). Bituminous sand road asphalt 
pavement. Buletinul Institutului Politehnic din lasi. 
Sectia Constructii, Arhitectura, 63(3), 55-63. 
Ransome, G. (2014). A Feasibility Study of Tar 
Sands Exploitation in Trinidad and Tobago. In SPE 
Latin America and Caribbean Petroleum Engineer-
ing Conference, p. D011S009R003.  
Vrtis, M.C. & Romero, P. (2015). Creating a Per-
formance-Based Asphalt Mix Design to Incorporate 
Oil Sand. In Airfield and Highway Pavements 2015, 
53-61.  
Zhou, B. (2019). Feasibility Study of Lean Oil Sand 
as Base and Surface Material on Gravel Roads in 
Alberta. Master's Thesis, University of Waterloo.  

 



1 INTRODUCTION 
Addressing the effective recycling of waste tires is a 
significant environmental issue for numerous coun-
tries (Sienkiewicz et al., 2012). Each year, the dis-
posal of tires exceeds approximately 1.5 billion, 
leading to environmental degradation, increased fire 
hazards, and heightened health risks (Hong et al., 
2023). Around 40% of these tires are incinerated for 
energy recovery, while merely 5.5% are repurposed 
for civil engineering applications (Shu and Huang, 
2014). Recycling waste Ground Tire Rubber (GTR) 
as a modifier in asphalt pavement materials can sub-
stantially improve road performance, lower con-
struction expenses, and mitigate environmental im-
pact (Ma et al., 2022).  
Rubber-modified asphalt is recognized for its en-
hanced resistance to rutting and cracking. However, 
the swelling effect of rubber significantly increases 
the viscosity of the asphalt, presenting considerable 
challenges during handling, pumping, and compac-
tion processes (Huang et al., 2017, Zhang et al., 
2023). Additionally, the existence of insoluble rub-
ber particles in the binder, which have different 
chemical and physical properties, exacerbates com-
patibility issues (Ma et al., 2021b). Therefore, it is 
essential to develop rubberized asphalt binders that 
are low in viscosity, homogeneous, and exhibit supe-
rior performance. 
Devulcanization can promote the integration of rub-
ber and asphalt.  The degraded rubber hydrocar-
bons dissolve into the asphalt blender, resulting in an 

improved viscosity and compatibility of the binder. 
However, the devulcanization of the GTR elastomer 
leads to a loss of elastic properties and a sacrifice in 
the high-temperature performance (Meng et al., 
2023). Effectively managing the devulcanization de-
gree is a critical factor in obtaining a binder that ex-
hibits desirable solubility, compatibility, and me-
chanical performance.  

This research investigates the impact of varying 
levels of devulcanization on the characteristics of 
asphalt binders utilizing devulcanized GTR under 
different concentrations and conditions. By as-
sessing the performance of asphalt, emphasizing the 
balance between enhanced low-temperature flexibil-
ity and the potential reduction in high-temperature 
stability, this investigation aims to improve applica-
tion methods and increase the understanding of 
devulcanized rubber in road construction, ultimately 
contributing to the development of more durable and 
cost-effective solutions. 

2 METHODOLOGY AND MATERIALS 

2.1 Rubber devulcanization 
GTR devulcanization was conducted using a twin-
screw extruder, with temperatures strategically set as 
240 °C, 260 °C, and 280 °C to break sulfur bonds.  

Effects of devulcanization temperatures on the properties of ground 
waste tire modified asphalt  
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2.2 Characterization of devulcanized GTR 
In GTR, its composition includes natural rubber, 
synthetic rubber, carbon black, zinc oxide, sulfur, 
lubricating oils (acetone soluble), and fillers. To 
qualify the devulcanization degree of rubber, the 
Soxhlet extraction method separates the sol from the 
insoluble. After extraction, the compositions of the 
GTR and the sol fraction were determined using 
thermal gravimetric analysis (TGA).  

Attenuated Total Reflection Fourier Transform 
Infrared (ATR-FTIR) spectroscopy was used to in-
vestigate the changes in the functional groups within 
the rubber during the devulcanization. 

2.3 Preparation of modified asphalt 
A high-speed shearing mixer was utilized to prepare 
the rubber-modified asphalt. Various parameters 
were set to investigate their effects on the properties 
of the asphalt, including different GTR contents 
(12%, 18%, 24%), and degrees of devulcanization of 
the GTR. PG 64-22 base asphalt binder was heated 
to 190 °C to ensure it became fluid. Adding the orig-
inal and devulcanized GTR into the asphalt to make 
rubber-modified asphalt samples. 

2.4 Storage Stability of modified Asphalt 
The storage stability and phase separation of the 
modified asphalt were characterized according to 
ASTM D-7173. Dynamic Shear Rheometer (DSR) 
(ASTM D7175) test was applied for this purpose    
(Kim and Lee, 2013, Ma et al., 2021a). 

2.5 Brookfield viscosity 
The viscosity should be under 3000 cP at 135 °C, 
according to Typical Asphalt-Rubber Binder Speci-
fications (Way, 2012). The viscosity asphalt binder 
samples were measured in accordance with AASH-
TO T-316. 

2.6 Aging simulation 
Short-term aging of the asphalt blends was simulated 
using the Rolling Thin-Film Oven (RTFO) accord-
ing to AASHTO T-240. Long-term aging was simu-
lated using the Pressure Aging Vessel (PAV) test, in 
accordance with AASHTO R28. 

2.7 High-temperature performance 
The oscillatory temperature sweep conducted using 
DSR in accordance with AASHTO T-315. 

2.8 Permanent deformation resistance 
The non-recoverable creep compliance (Jnr) and av-
erage percent recovery (R) were calculated follow-
ing AASHTO T-350 based on Multiple Stress Creep 
Recovery (MSCR). 

3 RESULTS AND DISCUSSION 

3.1 Determination of rubber devulcanization 
degree 

Table 1.  Effects of extrusion temperature on sol 
fraction 
Pretreatment 
Temperature 

(°C) 

Devulcanization Degree (%) 

Rubber Natural 
Rubber 

Synthetic 
Rubber 

Untreated 5.054 6.460 2.086 

240 15.950 16.085 13.159 

260 20.970 25.521 17.380 

280 27.524 31.432 26.615 
 

The sol fraction of both natural and synthetic 
rubber increased with temperature. Notably, natural 
rubber consistently exhibited a higher sol fraction 
than synthetic rubber. 

3.2 Characterization of chemical modification by 
ATR-FTIR 

 
Figure 1. FTIR spectra of the devulcanized samples 

 
With the increase of devulcanization temperature, 

the intensity ratio of S-S to S-O shows a trend of 
first slightly increasing and then decreasing, while 
the intensity ratio of C-S decreases slightly.  The 
degree of bonding depends on the exposure of the 
sample to the devulcanization temperature, and the 
energy required to break each sulfur bond. The bond 
energies of S-S, S-O, and C-S are 268 kJ/mol, 226 
kJ/mol, and 285 kJ/mol (Rooj et al., 2011). These re-
sults confirm that the devulcanization of GTR does 
occur at high temperatures and under the action of 
vacuum and that there may be non-uniform breaking 
and formation of different types of sulfur bonds. 

3.3 Compatibility test 

 
Figure 2. Separation Index (SI) of samples 

 



The SI values of rubber-modified asphalt samples 
containing 12% GTR and 18% GTR are lower than 
10%, which means that they can meet the ASTM re-
quirements. As the GTR content increased from 
12% to 24%, the SI also rose significantly, indicat-
ing reduced storage stability. 

3.4 Brookfield viscosity 
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Figure 3. Brookfield viscosity profiles for various 
rubber-modified asphalt samples 
 

At 12% rubber content, all asphalt binders have 
suitable processing viscosity. At 18% rubber con-
tent, the asphalt containing 18% untreated GTR ex-
ceeds the viscosity threshold at 135°C. At 24% rub-
ber content, viscosities frequently approach or 
exceed the 3000 cP limit. 

3.5 Oscillation temperature sweep test 
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Figure 4. Results of Oscillation Temperature Sweep 
test: (a) original asphalt samples, (b) RTFO residues. 

 
Figure 4 (a) reveals that most samples initially 

meet the minimum high-temperature performance 
standard of 1.0 kPa at 64 °C and 70 °C. As tempera-

tures rise, particularly at higher devulcanization 
temperatures, the values drop below this threshold, 
showing decreased effectiveness in rutting resistance 
with increased temperature. 

In Figure 4 (b), samples with 12% rubber content 
at lower devulcanization temperatures show better 
high-temperature performance than the base asphalt. 
At a devulcanization temperature of 280 °C, perfor-
mance under 70 °C does not meet the required 
standards. Increasing the rubber content enhances 
the |G*|/sin δ value, potentially raising the PG grade 
to 76 °C for 18% rubber and above 82 °C for 24% 
rubber when using original GTR. If devulcanization 
temperatures range from 240 °C to 260 °C with 18% 
or 24% rubber, the PG grade improves to 76 °C. At 
280 °C, despite a slight increase in value, the grade 
remains unchanged. 

3.6 Multiple stress creep recovery test 
For rubber-modified asphalt, a stress level of 3.2 kPa 
is required to accurately simulate real traffic loads. 
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Figure 5. (a) Non-recoverable creep compliance, (b) 
Percent recovery. 
 

Both Jnr, 3.2 and R3.2 results indicate that increas-
ing the GTR dosage improves the elasticity and de-
formation resistance of the asphalt. The devulcaniza-
tion process also plays a critical role in enhancing 
these properties. By breaking down the sulfur cross-
links in rubber, devulcanization improves the com-
patibility between rubber and asphalt, leading to bet-
ter stress distribution and reduced susceptibility to 
permanent deformation. 

3.7 Bending Beam Rheometer Test 
Table 2.  BBR test results of rubber-modified as-
phalt samples 



Sample 12% 
ORP 

12% 
240 

12% 
260 

12% 
280 

S at -12 °C (MPa) 82.8 89.3 86.7 91.55 

m-value at -12 °C 0.381 0.364 0.373 0.385 

S at -18 °C (MPa) 187 189 194 189 

m-value at -18 °C 0.330 0.334 0.314 0.331 

Sample 18% 
ORP 

18% 
240 

18% 
260 

18% 
280 

S at -12 °C (MPa) 54.4 63.6 55 58.3 

m-value at -12 °C 0.387 0.381 0.393 0.372 

S at -18 °C (MPa) 136 132 127 113 

m-value at -18 °C 0.336 0.341 0.342 0.335 

Sample 24% 
ORP 

24% 
240 

24% 
260 

24% 
280 

S at -12 °C (MPa) --- 38.1 26.7 35.5 

m-value at -12 °C --- 0.386 0.412 0.396 

S at -18 °C (MPa) 62.9 76.6 56.8 91.3 

m-value at -18 °C 0.346 0.340 0.366 0.371 
The results show that both untreated and devul-

canized GTR (at 240°C, 260°C, and 280°C) main-
tain the stiffness (S) values well below the 300 MPa 
threshold at -12°C and -18°C, with m-values con-
sistently above 0.300 across all rubber contents 
(12%, 18%, and 24%). Notably, the S and m-values 
at 240°C and 260°C are similar, showing consistent 
performance, whereas at 280°C, a higher S hints at 
reduced flexibility at lower temperatures. 

4 CONCLUSIONS 

1. Changes of S-S, S=O, and C-S bonds confirmed 
the chemical degradation of sulfur cross-links due to 
devulcanization. Higher temperatures caused these 
bonds to break, making the rubber more reactive but 
less structurally sound. 
2. The devulcanization procedure significantly im-
proved the storage stability of asphalt binders by 
promoting a uniform distribution of rubber particles. 
3. Incorporating rubber enhanced the rheological 
properties of asphalt, improving its resistance to de-
formations under cyclic loading. However, the 
devulcanization process tended to reduce the elastic 
response, which could potentially compromise the 
material's performance when subjected to stress. 
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1 INTRODUCTION 
Porous asphalt pavement is typical road surface used 
to enhance driving safety in rainy weather, mitigate 
traffic noise pollution and facilitate low-impact de-
velopment. The surface layer is paved by porous as-
phalt mixture (PA) with a porosity of 18-25%. Re-
search and applications both domestically and 
internationally indicate that the service life of the po-
rous surface layer is generally 10-15 years [Nielsen. 
2006, Takahashi. 2013]. Due to the limited contact 
area between coarse aggregates in porous asphalt 
pavement, the contact forces between particles be-
come relatively high under load. Repeated traffic 
loading can lead to coarse aggregate detachment, 
known as raveling, caused by insufficient adhesion 
between asphalt and aggregate or mastic fracture 
[Manrique-Sanchez et al. 2016, De Visscher et al. 
2017]. Once such disease occurs locally, it will ac-
celerate aggregate raveling in adjacent areas and sig-
nificantly impacting the pavement's service life, 
driving comfort, and safety. Currently, maintenance 
strategies for porous asphalt pavement at various 
service stages include: (1) preventive maintenance 
by spraying restorative and strengthening emulsion 
materials; (2) local damage repair using porous per-
meable resin materials;(3) overlaying thin layers for 
addressing medium aggregate loss over long sections 
[Chen et al. 2023, Li et al. 2021]. For porous asphalt 
pavement at the end of its service life, it is usually 
milled and the surface layer is repaved. Since the 
raw materials of porous asphalt mixture are mostly 
high-quality asphalt and mineral aggregates, material 
waste or downgrading use will inevitably cause great 
resource waste. Under the "carbon peaking and car-
bon neutrality" goals and promoting sustainable de-
velopment, developing efficient, high-performance, 
and low-emission recycling methods for end-of-life 
porous asphalt mixtures has become one of the most 
pressing and significant challenges in the field of 
pavement engineering. 

Hot In-Place Recycling (HIR), also known as on-
site hot recycling or in-place hot recycling, is an effi-
cient, rapid, and environmentally friendly asphalt 
pavement maintenance technology. Through the pro-
cess of heating, scarifying, and repaving the asphalt 
pavement in place, it achieves 100% in-place recy-
cling of the old pavement. Since the beginning of 
this century, the hot in-place recycling technology 
has developed rapidly in China. At present, key 
equipment such as heating and scarifying equipment, 
as well as recycling agent materials, have been do-
mestically produced. HIR has become a critical 
pavement maintenance technology in some regions 
of China. Similarly, countries like the Netherlands 
and Japan, which have extensively adopted porous 
asphalt pavements, have validated the feasibility of 
HIR for porous asphalt through trial sections [van de 
Pol. 2019, Kayedi et al. 2017]. 

This study focuses on porous asphalt pavements 
in China constructed with high-viscosity modified 
asphalt (HVMA) as the binder. Investigation on 
characteristics of aged asphalt, recycled mixture, and 
pavement were carried out. Field application was al-
so carried out to verify the practical effectiveness of 
HIR for porous asphalt mixtures. The achievements 
from this study provide foundational support for ef-
ficient and low-carbon maintenance of aged porous 
asphalt mixtures. 

2 INVESTIGATION ON AGED BINDER 

2.1 Recycled asphalt 
This study focuses on the performance analysis of 
porous asphalt mixtures from G2513 Huai’an-
Xuzhou Expressway. The porous asphalt pavement 
on this section was originally constructed in 2015, 
and samples were collected in 2023, which repre-
sents a service life of 8 years. Sampling was carried 
out to a depth of 4 cm, which is equal to the full 
thickness of the porous asphalt mixture. The collect-
ed mixture from the pavement was subjected to dust 
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removal. And the aged asphalt was extracted using 
rotary evaporation and centrifugal separation meth-
ods. The asphalt-aggregate ratio of the reclaimed as-
phalt mixture from the old pavement was measured 
at 4.74%, showing a slight reduction compared to 
the original pavement's ratio of 4.8%. Subsequently, 
the main performances of the aged asphalt were 
measured, with the results shown in Table 1. In this 
study, all tests for asphalt and asphalt mixtures were 
conducted in accordance with the "Standard Test 
Methods of Bitumen and Bituminous Mixtures for 
Highway Engineering." It finds that there are signifi-
cant changes in the performances of the HVMA 
compared to its original state. Overall, the aged as-
phalt exhibited a pronounced trend of hardening and 
severe aging. Therefore, the use of rejuvenators is 
essential to restore the aged asphalt's performance 
properties effectively. 

 
Table.1 Key performance indicators of old asphalt 
Performance Indi-

cators 
Recycled 
bitumen Original Requirement* 

25℃
Penetration/0.1mm 15.8 44 ≥40 

Softening Point/℃ ＞117 98 ≥80 

5℃ Ductility/cm Broken 35 ≥30 

Dynamic Viscosi-
ty/Pa•s 

>1,000,00
0 440,806 ≥50,000 

*According to Chinese Transportation industrial specifica-
tion “Technical Specifications for Design and Construction of 
Porous Asphalt Pavement” (JTG/T 3350-03-2020). 

2.2 Effects of rejuvenator 
The current heating process for hot in-place recy-
cling typically requires a paving temperature of no 
less than 135°C. However, for porous asphalt mix-
tures, which have higher viscosity, the paving tem-
perature generally needs to exceed 155°C. For better 
remixing, the liquid rejuvenators with warm-mix 
properties were used in this study. Comparative ex-
periments were conducted using two types of reju-
venators: a plant-based oil rejuvenator RR18 and a 
petroleum-based PR-01. 

Rejuvenators were added to aged asphalt at ratios 
of 2%, 4%, 6%, and 8%, and performance indicators 
such as penetration, softening point, and viscosity 
were measured. The test results are shown in Figure 
1. Due to brittle fracture observed in most ductility 
tests, ductility results are not presented. Considering 
the practical emphasis on the workability of mixtures 
during in-place recycling, Brookfield viscosity tests 
at 170°C were also conducted. The results indicate 
that penetration increases with the addition of reju-
venators, while both softening point and Brookfield 
viscosity show a decreasing trend. This suggests that 
as the rejuvenator content increases, the performanc-
es of aged HVMA is restored to some extent, and the 
degree of recovery improved proportionally to the 

rejuvenator content. As to the two types of rejuvena-
tors, the plant-based oil rejuvenator (RR18) demon-
strated superior recovery effects on aged HVMA 
compared to the petroleum-based rejuvenator (PR-
01). Consequently, RR18 was selected as the prima-
ry rejuvenator for subsequent mixture studies. 

 

 
(a) 25℃Penetration 

 
(b) Softening point 

 
(c) 170℃ Brookfield viscosity 

Figure 1.Effects of rejuvenator on performances 
of recycled asphalt. 

3 INVESTIGATION ON RECYCLED MIXTURE 

3.1 Influence of new mixture 
In order to compensate for the loss of mixture caused 
by rutting, raveling etc., to recover the performance 
of porous asphalt mixture, and optimize the grada-
tion of recycled asphalt mixture, it is necessary to 
add a portion of new asphalt mixture. In order to en-
sure the porosity of the recycled mixture, the newly 
added asphalt mixture is still a porous asphalt mix-
ture. HVMA is used as the binder, with an optimal 
asphalt to aggregate ratio of 4.9%. The design voids 
content of the mixture is 22.0%. The blending per-
centage of the new porous asphalt mixture in the to-
tal mixture are set at 10%, 15%, and 20%, aiming 
for a final void ratio of 18.0% in the recycled mix-
ture. The amount of RR18 rejuvenator was 4% in the 



asphalt. Consequently, RR18 was selected as the 
primary rejuvenator for subsequent mixture experi-
ments. 

The performances of recycled porous asphalt 
mixtures with varying amounts of new material were 
measured, including raveling resistance, freeze-thaw 
splitting, low-temperature bending, and high temper-
ature dynamic stability. The experimental results are 
shown in Figure 2.  

 
   (a) Raveling loss percentage 

 
(b) Residual freeze-thaw split tensile strength ratio 

 
(c) Low temperature bending strain 

 
(d) 60℃ Dynamic stability 

Figure 2.Effects of new mixture content on per-
formances of recycled porous asphalt mixture. 

As can be seen from the figure, with the increase 
of the new porous asphalt mixture ratio, the raveling 
loss percentages for both the standard and after im-
mersion decrease, and the residual freeze-thaw split-
ting tensile ratio and low-temperature bending strain 
increase. This indicates that the resistance to ravel-
ing, water damage, and low-temperature damage of 

the recycled asphalt mixture are improved. For the 
dynamic stability, it shows a decrease trend with in-
creasing percentage of new mixture. It can be ex-
plained as that the addition of new asphalt mixture 
increases the proportion of fresh binder, softening 
the overall asphalt and slightly reducing rutting re-
sistance. However, the dynamic stability remains 
above 6000 times/mm, reflecting a high performance 
of rutting resistance. 

3.2 Influence of fiber 
Porous asphalt mixtures, due to their high air void 
content, are susceptible to asphalt stripping from ag-
gregate voids. The addition of fibers in asphalt mix-
tures can play an important role in absorbing and 
stabilizing the asphalt binder, thereby enhancing the 
adhesion between aggregates and reducing the strip-
ping of asphalt binder from the voids. To improve 
the workability of mixtures during long-distance 
transportation, 0.3% basalt fiber by total mass was 
added into the new porous asphalt mixture. Asphalt 
drain-down tests were conducted on mixtures pre-
pared with different asphalt-aggregate ratios, and the 
results are shown in Figure 3. 

The findings demonstrate that the addition of 
0.3% basalt fiber help to reduce the leakage loss of 
the porous asphalt mixture. At the optimal asphalt-
aggregate ratio of 4.9%, the leakage loss percentage 
of the mixture without fiber was 1.2%, while it 
dropped to just 0.4% with the inclusion of basalt fi-
ber. These results indicate that the addition of basalt 
fiber can enhance the workability of new porous as-
phalt mixtures during long-distance transportation by 
reducing binder leakage and maintaining material 
stability. 

 
Figure 3. Asphalt drain-down percentage at dif-

ferent asphalt-aggregate ratio. 

4 INVESTIGATION ON TRIAL SECTION 

4.1 Mixture performance 
The hot in-place recycling project for porous asphalt 
pavement was implemented on the G2513 Huai’an-
Xuzhou Expressway. The construction process gen-
erally has six steps: cleaning voids on the old pave-
ment, producing and transporting new asphalt mix-



ture, heating the pavement on site, loosening the 
mixture on site, mixing the recycled mixture, and 
paving and compacting the recycled mixture. Con-
sidering the economic feasibility of the project, the 
proportion of new porous asphalt mixture was set at 
15%.  

Samples were collected from the trial section, and 
performance tests were conducted on the recycled 
asphalt mixture, with the results presented in Table 
2. According to the table, all performance indicators 
met the design requirements. The dynamic stability 
test results exceeded 8,000 time/mm, indicating ex-
cellent high-temperature rutting resistance of the re-
cycled mixture. The residual stability and freeze-
thaw splitting tensile strength were comparable to 
those of new porous asphalt mixtures. However, the 
raveling loss of the recycled mixture was higher than 
that of the new porous asphalt, indicating that as-
phalt ageing has adverse effect on the raveling re-
sistance of the recycled mixture. It can be improved 
by adding suitable percentage of new mixture. 

 
Table.1 Test results of performances of recycled po-

rous asphalt mixture 

Performance Indicators Test 
Results Design Target 

Voids content（%） 17.4 ≥16 
Marshall stability（kN） 16.2 ≥5 

Drain-down percentage（%） 0.073 ≤0.8 
Standard raveling loss（%） 14.7 ≤15 

Immersion raveling loss（%） 18.0 ≤20 
Dynamic stability（time/mm） 8796 ≥5000 
Residual Mashall stability per-

centage（%） 87.9 ≥85 

Residual Freeze-thaw split tensile 
strength ratio（%） 87.5 ≥80 

4.2 Permeability 
Permeability coefficients were tested on-site at ten 
locations before and after recycling, with the results 
shown in Figure 4.  
 

 
Figure 4. Permeability on the recycling section. 

 
As indicated in the figure, except for location 1, 

the permeability coefficients at all other locations af-
ter recycling exceeded the design value of 3600 
mL/min. Notably, locations 3 to 6, which initially 

exhibited poor permeability, showed significant im-
provement in performance after recycling. This 
demonstrates that the hot in-place recycling process 
can effectively restore the permeability performance 
of porous asphalt pavements. 

5 CONCLUSIONS 
Following conclusions can be drawn from this study: 

(1) The plant-based oil rejuvenator demonstrated 
superior recovery performance for aged HVMA. As 
the rejuvenator content increased from 2% to 8%, 
the light components in the asphalt were replenished, 
resulting in better softening of the binder. 

(2) The addition of new porous asphalt mixture 
helps to improve the performance of the recycled as-
phalt mixture. As the proportion of new material in-
creased, the recycled mixture exhibited enhanced re-
sistance to raveling, improved water stability, and 
better low-temperature performance. Although dy-
namic stability decreased slightly, the rutting re-
sistance remained satisfactory. 

(3) Performance tests of recycled porous asphalt 
mixtures from the on-site trial section showed that 
all indicators met design requirements, and the per-
meability performance was successfully restored. 
These findings confirm that hot in-place recycling is 
a viable maintenance method for porous asphalt 
pavements. 
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1 INTRODUCTION 
Reclaimed asphalt pavement (RAP), generated 

during pavement reconstruction and rehabilitation, 
comprises aggregates and aged binder. Over time, 
the aged binder in RAP becomes hard and brittle due 
to long-term aging, exhibiting characteristics similar 
to low-grade hard asphalt. These properties make 
RAP a promising material for developing high-
modulus mixtures, which are widely used in pave-
ment construction (Miro et al., 2011). Furthermore, 
incorporating RAP offers a sustainable approach to 
reduce construction costs, total energy consumption 
(TEE), and greenhouse gas emissions (GHG) by 
minimizing the reliance on virgin materials 
(Mattinzioli et al., 2021). However, the stiffness of 
the aged binder increases the susceptibility of RAP 
mixtures to cracking under intermediate and low 
temperatures, posing challenges for its effective in-
corporation into new mixtures. 

To address these limitations, bio-oil has emerged 
as a promising rejuvenator for RAP-based mixtures. 
Countries such as China generate millions of tons of 
bio-oil annually, highlighting its potential as a sus-
tainable resource to mitigate environmental harm. 
Research has shown that bio-oil effectively restores 
the physical, rheological, and chemical properties of 
aged binder, making it comparable to virgin binder 
(Girimath and Singh, 2019). This enables higher 
RAP incorporation in asphalt mixtures while main-
taining acceptable performance standards. The use 
of bio-oil, therefore, helps to develop the bio-
oil/RAP-based recycled asphalt pavements 
(BORAP), offering a sustainable and high-
performing alternative in pavement construction. 

Building on these concepts, the objective of this 
study is to explore the feasibility and advantages of 
incorporating RAP in the development of BORAP. 
Specifically, the study evaluates the mechanical, 
economic, and environmental performances of 
BORAP mixtures with varying RAP contents (0%, 
20%, 30%, 50%, 60%, 70%, and 80%). Customized 

rejuvenation schemes were designed to optimize 
binder properties and address the challenges posed 
by aged binder. By systematically assessing perfor-
mance indicators such as dynamic modulus, rutting 
resistance, this study aims to identify the optimal 
RAP content and provide insights into the sustaina-
ble utilization of BORAP in pavement applications. 

2 METHODOLOGY 

2.1 Materials 
In this study, basalt RAP material was sourced 

from the surface layer of the Changsha–Yongan 
highway in Hunan, China. The virgin asphalt, SBS-
modified asphalt, was provided by Foshan Gaofu 
Asphalt Co., Ltd. The waste bio-oil, a by-product of 
the fatty acid distillation process, was sourced from 
Nantong Yuhao Chemical Technology Co., Ltd. 
Graphene oxide (GO), obtained from Henan Liu-
gong Graphite Co., Ltd., was used in combination 
with sodium dodecyl sulfate, which served as a dis-
persing agent. GO enhanced the physical and rheo-
logical properties of the binder, significantly im-
proving the mechanical performance of the mixture, 
including resistance to rutting, cracking, and aging.  

2.2 Synthetic gradation design of BORAP 
The gradation design for BORAP with different 
RAP contents was conducted to ensure compliance 
with the AC-13 mix design requirements. To 
achieve this, a portion of 9.5–13.5 mm basalt RAP 
aggregate was separately sieved as a single fraction 
for fine-tuning the gradation. The synthetic grada-
tion was developed by adjusting the proportions of 
each fraction of new and aged aggregates, along 
with mineral powder. As a result, the gradation de-
sign for the bio-oil/RAP-based recycled asphalt mix-
ture with 20% RAP content was finalized, and its 
synthetic gradation curve was plotted in Fig. 1. 
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Similarly, the proportions of RAP and new aggre-
gates were adjusted to determine the synthetic grada-
tion for mixtures with 30%, 50%, 60%, 70%, and 
80% RAP content. 

 
Fig. 1 Synthetic Gradation Curve of BORAP with 20% RAP. 

The mixture composition ratios were determined 
based on the gradation curves and the optimized 
binder-aggregate ratio, as shown in Table 1. 
Table 1. Composition and Proportion of BORAP. 

Material 
Composition and proportion of BORAP (%) 

HMA 20% 
RAP 

30% 
RAP 

50% 
RAP 

60% 
RAP 

70% 
RAP 

80% 
RAP 

Bitumen 5.5 4.229 3.921 3.019 2.561 2.234 1.908 
Aggregate 94.5 76.46 67.04 48.39 38.89 29.27 19.57 
RAP - 19.12 28.77 48.39 58.34 68.29 78.30 
Bio-oil - 0.167 0.173 0.176 0.183 0.189 0.195 
GO - 0.024 0.024 0.025 0.026 0.026 0.027 

2.3 Mechanical performance assessment 

BORAP with high RAP content is generally used as 
a high-modulus asphalt layer for base and intermedi-
ate courses. In this study, dynamic modulus testing 
and rutting performance testing were conducted to 
characterize the mechanical performance of BORAP 
mixtures with different RAP contents. The dynamic 
modulus tests for BORAP with varying RAP con-
tents were conducted at temperatures of 20°C and 
45°C, while the rutting tests were performed at a 
temperature of 60°C. 

2.4 Environmental and economic assessment 

A circular economy focuses on reusing materials to 
minimize environmental impact and enhance sus-
tainability. Life Cycle Assessment (LCA) serves as a 
key methodology within this framework to quantify 
the environmental effects of material reuse. This 
study adopts a cradle-to-gate approach to evaluate 
the environmental impacts of optimal asphalt mix-
tures. In this study, the functional unit is defined as a 
1.0 km long, 3.75 m wide, and 60 mm thick dual-
lane recycled asphalt layer. The system boundaries 
define the modeling framework for assessing the to-

tal embodied energy (TEE) and greenhouse gas 
emissions (GHG) across the lifecycle phases, includ-
ing raw material production, transportation to the 
mixing plant, manufacturing, delivery to the site, 
and the processes of compaction and laying. 

The life cycle inventory (LCI) data for various 
stages were sourced from the 2015 China Energy 
Statistical Yearbook and relevant research studies. 
Models developed by White and further improved 
by Singh (Jain and Chandrappa, 2024) were utilized 
to quantify the TEE and GHG of BORAP, as shown 
in Equations 1 and 2.  

1000 ( ( ( )) )TEE W T Dn Pe Me Te Di Ce=    + +  +    (1) 
1000 ( ( ( )) )GHG W T Dn Pg Mg Tg Di Cg=    + +  +  (2) 

Where W = road width (m); T = layer thickness (m); 
Dn = material density (kg/m3); Pe = material pro-
duction value (MJ/kg); Pg = material production 
value (kg.CO2eq./kg); Me = material mixing value 
(MJ/kg); Mg= material mixing value (kg.CO2/kg) ; 
Te = transport from production site to application 
site (MJ/kg-km); Tg = transport from production site 
to application site (kg.CO2eq./kg-km); Di = distance 
from material production site to mixing plant (km); 
Ce= compaction efforts (MJ/kg-km); and Cg = com-
paction efforts (kg.CO2eq./kg-km) 

Similar to the LCA, the construction cost for lay-
ing 1.0 km of asphalt layer was evaluated. The con-
struction cost of BORAP can be categorized into 
three components: material cost (Mc), transportation 
cost (Tc), and construction cost (Cc). Material cost 
includes expenses for asphalt, aggregates, bio-oil, 
and GO. Transportation cost covers the delivery of 
raw materials to the mixing plant and asphalt mix-
tures to the construction site, or directly to the site 
for on-site mixing. Construction cost (Cc) includes 
expenses for asphalt mixture placement, equipment 
rental, and labor, as calculated in Equation 3. 

c )C T W M Tc Cc=   + +（ （               (3) 
Where T = layer thickness (m);  W = road width 
(m); Mc = Material cost (CNY/km/m²); Tc = Trans-
portation cost (CNY/km/m²); Cc = Construction cost 
(CNY/km/m²). 

3 RESULTS AND DISCUSSION 

3.1 Mechanical performance 
Fig. 2 and 3 illustrate the variation trends in the dy-
namic modulus of BORAP with different RAP con-
tents. Compared to the virgin asphalt mixture (0% 
RAP), the mixtures with 20% and 30% RAP con-
tents exhibit relatively lower strength. The reason is 
that, despite the addition of GO as a modifier, the 
bio-oil used as a rejuvenator significantly softens the 
aged asphalt. At these lower RAP levels, the soften-
ing and viscosity-reducing effects of the bio-oil out-
weigh the stiffening effects of the aged asphalt. 



However, when the RAP content exceeds 50%, the 
situation reverses. The stiffening and elastic rein-
forcement effects of the aged asphalt become more 
prominent, coupled with the modifying effects of 
GO, resulting in a significant enhancement of the 
mechanical properties of the recycled asphalt mix-
tures. This dual effect greatly improves the cohesion 
of the recycled asphalt, leading to an increase in the 
mixture's overall strength. 
 

 
Fig. 2 Dynamic Modulus of BORAP under 20℃. 

 
Fig. 3 Dynamic Modulus of BORAP under 45℃. 

Although the strength increases with the RAP 
content, a declining trend is observed when the RAP 
content reaches 80%. Theoretically, the asphalt 
binder with 80% RAP content should meet the re-
quirements of high-modulus asphalt mixtures. How-
ever, the strength of recycled asphalt mixtures is not 
solely determined by the cohesion of the binder; fac-
tors such as internal friction angle and gradation also 
play critical roles. As a result, mixtures with 80% 
RAP content may face challenges in ensuring stable 
bonding between the RAP and new bitumen during 
mixing and compaction, potentially leading to inter-
nal defects and overall decrease in strength. There-
fore, from the perspective of dynamic modulus, 70% 
RAP can be considered the optimal content. 

According to the rutting test results of BORAP 
shown in Fig. 4, the dynamic stability increases with 
the rise in RAP content. This is because the higher 
proportion of aged asphalt in the recycled asphalt 
mixtures enhances the high-viscosity and high-
elasticity properties of the binder, thereby improving 
the overall resistance to permanent deformation. For 
BORAP with 20% RAP, 30% RAP, and 50% RAP, 
the dynamic stability is lower than that of the virgin 

asphalt mixture. This is attributed to the significant 
softening effect of bio-oil on the aged asphalt, 
demonstrating that bio-oil is a scientifically reliable 
rejuvenator. For mixtures with 60% RAP, 70% 
RAP, and 80% RAP, the dynamic stability exceeds 
that of the virgin asphalt mixture. This indicates that 
at higher RAP contents, the softening and viscosity-
reducing effect of bio-oil becomes limited, only par-
tially restoring the performance of aged asphalt, and 
failing to bring the mixtures to the same level as the 
virgin asphalt mixture. Based on the data from the 
above test results, 70% is the optimal RAP content 
from the perspective of mechanical performance. 

 
Fig. 4 Dynamic Stability of BORAP in Rutting Test. 

3.2 TEE, GHG and cost comparisons 
The material quantities for different recycling 
schemes were determined based on the mixture den-
sity, composition, and proportions. Using the LCI 
values, the energy consumption and emission values 
per unit mass of the mixture were obtained by calcu-
lating the weighted average of the mass proportions 
of the individual components. Finally, the TEE and 
GHG values were calculated from Eqs. (1) and (2) 
and the results were shown in Fig. 5 and Fig. 6. 
Compared to the HMA scheme, incorporating 30% 
RAP reduced the TEE of BORAP by 16.95% and 
GHG emissions by 16.18%. At 60% RAP content, 
the TEE decreased by 36.93%, while GHG emis-
sions dropped by 35.88%. When the RAP content 
increased to 70%, the reductions reached 41.48% for 
TEE and 41.59% for GHG emissions. Although both 
TEE and GHG emissions decreased progressively 
with higher RAP content, the reduction rate slowed 
within the range of 60% to 80% RAP. Considering 
the mechanical performance and carbon reduction 
benefits, 70% RAP content is a reasonable choice 
for BORAP. Based on the calculation results, the 
main sources of TEE and GHG for BORAP are the 
material production and mixing stages. The TEE and 
GHG values during the transportation stage are in-
fluenced by both the RAP content and transportation 
distance. Reducing the transportation distance of 
RAP or increasing the RAP content can effectively 
lower these values. In contrast, the energy consump-
tion and carbon emissions during the construction 



stage are relatively low and less affected by the RAP 
content. 

 
Fig. 5 TEE values for BORAP with different RAP contents. 

 

 
Fig. 6 GHG values for BORAP with different RAP contents. 

The costs of different schemes were calculated 
based on the material quantities and their adjusted 
cost prices. The cost inventory was divided into 
three parts: material production costs, transportation 
costs, and construction costs. The cost data were de-
rived from a comprehensive reference to JTG/T 
3833-2018 Specification, JTG/T 3832-2018 Specifi-
cation, quotes from material manufacturers, and 
price information provided by construction units. As 
shown in Table 2, as the RAP content increases, the 
total cost gradually decreases. The cost reduction 
becomes substantial when the RAP content reaches 
50% or higher, significantly improving the economic 
efficiency of the project. Compared to the cost of 
HMA, the cost of BORAP with 70% RAP content is 
reduced by 37.16%, making it the most cost-
effective option. 
Table 2. Costs at Each Phase of BORAP. 

Phase 
Cost (CNY/1000) 

HMA 20% 
RAP 

30% 
RAP 

50% 
RAP 

60% 
RAP 

70% 
RAP 

80% 
RAP 

Production 498 449 413 333 291 259 231 
Transportation 81 104 99 89 84 79 75 
Construction 68 68 68 68 68 68 68 
Total 646 621 580 490 442 406 374 

4 CONCLUSIONS 

This study assesses the mechanical performance and 
the economic and environmental benefits of bio-
oil/RAP-based high-modulus mixtures with different 
RAP contents. The main findings are as follows: 

(1) The RAP content significantly affects the per-
formance of BORAP. The dynamic modulus in-
creases with the RAP content, reaching its peak at 
70%, while the dynamic stability also improves as 
the RAP content increases. Based on a comprehen-
sive analysis, the RAP content is recommended to be 
controlled at 70%. 

(2) The utilization of RAP and bio-oil reduced the 
TEE and GHG values. Compared to the energy con-
sumption and emissions of HMA asphalt mixture, 
the high-modulus asphalt mixture achieved a 
41.48% reduction in TEE and a 41.59% reduction in 
GHG emissions, with the highest benefit ratio ob-
served at 70% RAP content. When the RAP content 
reaches 70%, the cost of BORAP is reduced by ap-
proximately 37.16% compared to that of HMA. 
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1 INTRODUCTION 
 
The demand for crude oil derived bitumen is on steep 
rise due to rapid highway construction. The annual 
consumption of bitumen for the year 2022 stood at 
122 million tonnes, as per the report of the Interna-
tional Bitumen Emulsion Federation (Asphalt Insti-
tute and Eurobitume 2022). From an Indian view-
point, the consumption was 8.87 million metric 
tonnes. The non-renewable nature and ever-increas-
ing price of crude oil generates search for sustainable 
paving materials. One such renewable material of in-
terest is sugarcane molasses (SM). 
 
SM is a viscous liquid obtained as a by-product of 
sugar production industry. Typically, SM is made up 
of sucrose, fructose, and glucose. Additionally, SM 
has few traces of minerals and has moisture in the 
range of 15 % - 25 %. SM is used in soil stabilization, 
as a retarder in concrete, and is being explored as a 
partial replacement of bitumen. Hareru and Ghebrab 
(Hareru and Ghebrab 2020) evaluated the rheological 
properties of sugarcane molasses modified binders. 
The results revealed that the addition of SM leads to 
improved rutting resistance. Phuc Le (Le 2021) stud-
ied the performance of sugarcane molasses replaced 
bituminous mixtures. The resistance against perma-
nent deformation and moisture susceptibility was 
found to improve. Saboo et al. (Saboo et al. 2023a) 
explored the feasibility of using sugarcane molasses 
as a partial replacement of bitumen. Through a set of 
tests on bitumen and mixtures, they concluded that 

the incorporation of SM improved resistance against 
permanent deformation without compromising fa-
tigue resistance. Mehta and Saboo (Mehta and Saboo 
2024) assessed the effect of SM source on properties 
of physical and chemical properties of bio-bitumen. 
The findings showed that the SM source did not affect 
the properties of bio-bitumen. Based on the existing 
literature, it can be seen that limited studies are avail-
able on the performance of bio-bitumen. Therefore, 
the aim of the study is to evaluate the performance 
characteristics of bio-bitumen binders and mixtures 
against rutting and fatigue.  

2 OBJECTIVES 

• To assess the rutting and fatigue resistance 
performance of bio-bitumen blends using 
multiple stress creep recovery and linear 
amplitude sweep tests.  

• To evaluate the performance of bio-bitumen 
mixtures against rutting and fatigue via wheel 
rut and indirect tensile asphalt cracking test 
(IDEAL-CT) 

3 MATERIALS 
 
Viscosity graded bitumen VG 40 which is widely 
used in Indian condition was used as a base binder in 
the study. Table 1 shows the properties of bitumen as 
per IS 73.   
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Table 1 Physical properties of VG 40 

Properties Results Specifications 
Penetration at 25°C, 100 g, 5 

s, 0.1 mm 
41 35* 

Absolute viscosity at 60°C, 
Poises 

4219 3200-4800 

Flash point (Cleveland open 
cup), °C 

285 220* 

Solubility in trichloroeth-
ylene, percent 

99.95 99* 

Softening point (R&B), °C 52.4 50* 
Ductility at 25°C, cm >100 25* 

* Minimum 
 
Sugarcane molasses (SM) is a thick dark brown liquid 
obtained via sugar refining process. Figure 1 shows 
the appearance of SM. Table 2 represents the proper-
ties of SM.  
 
 
 
 
 
 
 
 
 
 
Figure 1 Appearance of SM  
 
Table 2 Basic properties of SM  

Property Value 
Brix 79 

Moisture content, % 15.42 
Specific gravity, g/cc 1.402 

pH 4.72 

4 OPTIMUM DOSAGE AND PRODUCTION 
PROCEDURE OF BIO-BITUMEN 

4.1 Optimum dosage of SM  
The selection pertaining to optimum dosage of SM 
was decided based on (a) change in the stiffness of the 
binder (true fail temperature), (b) flowability (tar vis-
cometer), and (c) moisture sensitivity (10 min boiling 
test). At each dosage of SM (10 % to 40 % by weight 
of bitumen), all three criteria were checked sequen-
tially. Until 30 % replacement, all the criteria were 
satisfied.  At 40 % replacement, issues related to 
flowability were observed, limiting the pumpability 
of bio-bitumen. Based on the above criteria the opti-
mum dosage was fixed at 30 % of SM by weight of 
bitumen. In the interest of brevity, the details regard-
ing the criteria are not presented here and can be 
found elsewhere (Mehta and Saboo 2024; Saboo et al. 
2023b; a).  

4.2 Preparation procedure of bio-bitumen 
Bio-bitumen was produced by heating the base binder 
(VG 40) to a temperature of 130 C – 140 C, fol-
lowed by addition of SM. The blend of bitumen and 
SM is mixed with a low shear mixer at an rpm of 500 
for a duration of 15 – 20 mins. 

5 EXPERIMENTAL FLOWCHART 
To accomplish the aforementioned objectives the 

following research plan was adopted as shown in fig-
ure 2 

Figure 2 Research methodology flowchart 

6 EXPERIMENTAL METHODS 

6.1 Rheological Performance 
The permanent deformation characteristics of bio-

bitumen were evaluated using multiple stress creep 
recovery test as per AASHTO T350. The test was 
conducted at 50C, 60 C, and 70 C. The range of 
temperature were considered to account for average 
maximum pavement temperature. Ten cycles of load-
ing are given at each stress level (0.1 kPa and 3.2 
kPa). A small non-recoverable creep compliance (Jnr) 
and higher percentage recovery (%R) are desired for 
enhanced rutting performance. The intermediate tem-
perature performance of bio-bitumen was evaluated 
using linear amplitude sweep test (AASHTO TP 
101). Intermediate test temperature 20 C was consid-
ered. LAS is a two step wherein a frequency sweep 
test followed by an amplitude sweep test is per-
formed. The obtained values are used as input to de-
velop relation between number of cycles to failure 
(𝑁𝑓) and strain (𝛾), as depicted in equation 1  
𝑁𝑓 = 𝐴𝛾𝐵                                                                 1 
Where A and B are model parameters. 

6.2  Mixture Performance 
The bio-bitumen mixtures were subjected to wheel rut 
test and IDEAL CT test to evaluate the resistance 
against rutting and fatigue. For wheel rut tester 



samples were compacted to 7 % air voids wherein a 
wheel load of 700 N was made to pass back and forth 
over the specimen in accordance with EN 12697. The 
rut depth versus number of passes was recorded. 
IDEAL CT test was performed on the specimen pre-
pared at 7 % air voids. A vertical load on diametrical 
axis of sample is applied to record the displacement 
versus load curve. CTindex and asphalt flexibility ra-
tio (AFR), which is ratio of 𝑙75 by 𝑚75. A higher AFR 
is an indication of better flexibility of the bituminous 
mixture. 

RESULTS AND DISCUSSIONS 

6.3 Strain accumulation of bio-bitumen 
Figure 3 depicts the accumulated strains of bio-bitu-
men at 3.2 kPa-1 stress level for test temperatures of 
60 C and 70 C. The results shown are average of 
three replicates. As seen, the addition of SM reduced 
the rate of strain accumulation in bio-bitumen com-
pared to the base binder. At higher temperature, the 
smaller accumulation of strain ensures good rutting 
performance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Strain accumulation of bio-bitumen  

6.4 Non recoverable creep compliance (Jnr) 
and percentage recovery (%R) 

The permanent deformation characteristics of bio-bi-
tumen were quantified using non-recoverable creep 
compliance (Jnr) and percentage recovery (% R). A 
lower value Jnr indicates a small irrecoverable strain 
of bitumen. Figure 4 shows the variation of Jnr at 3.2 
kPa stress level. It can be seen that the Jnr value in-
creases with increase in test temperature whereas % 
R decreases (refer table 3). In general, regardless of 
the test temperature, the bio-bitumen showed better 
rutting resistance than the base binder. For instance, 
at 70 C, the Jnr of bio-bitumen was found to be 32 % 
lower than VG 40. As seen, the %R value reduced 
with increase in temperature. At 50 C and 60 C, bio-
bitumen showed equivalent or slightly better recovery 

than base binders. However, at 70 C no binder 
showed recovery. In summary, the enhanced rutting 
resistance could be linked to the chemical interaction 
between SM and bitumen leading to lower non-recov-
erable creep compliance. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Non-recoverable creep compliance of bio-
bitumen 
 
Table 3 Percentage recovery of bio-bitumen  
 @50 C @60 C 

VG 40 16.3 % 3.2 % 
Bio-bitumen 21 % 5 % 

6.5 LAS  
The fatigue life of bio-bitumen was assessed using 

number of cycles versus strain as presented in figure 
5. The fatigue life of bio-bitumen increased with the 
addition of SM. For bio-bitumen sample at 20 C (5 
% strain), the fatigue life increased by 3.55 %. The 
improvement in fatigue life can be attributed to 
gummy interaction imposed by SM to bitumen result-
ing in enhanced elasticity. Overall, it was found that 
the addition of SM led to improved intermediate tem-
perature performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Variation of number of cycles to failure ver-
sus strain of bio-bitumen 

0

2000

4000

6000

8000

10000

12000

200 220 240 260 280 300

Sh
ea

r S
tra

in
, (

%
)

Time, (s)

VG 40 @ 70 °C
Bio-bitumen @ 70 °C
VG 40 @ 60 °C
Bio-bitumen @ 60 °C

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

50 60 70

Jn
r, 

3.
2 

kP
a-

1 

Temperature, °C

VG 40

Bio-bitumen

1.E+00

1.E+03

1.E+06

1.E+09

1.E+12

1.E+15

1.E+18

0.1 10

N
um

be
r o

f c
yc

le
s 

to
 fa

ilu
re

, N
f

Strain, %

20 C

VG 40

Bio-bitumen



6.6 Rutting resistance of mixtures 
Figure 6 shows the variation of rut depth over the 
course of 2000 passes at 60 C. As can be seen, the 
rut depth progression of bio-bitumen was lower than 
the base binder. At the end of 20000 passes, the rut 
depth of bio-bitumen and VG 40 was 4.91 and 5.58 
mm, respectively. Overall, the incorporation of SM 
resulted in enhanced resistance against permanent de-
formation.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Rut depth versus number of passes of bio-
bitumen 

6.7 Fatigue resistance of mixtures 
Figure 7 shows the IDEAL CT index and AFR of VG 
40 and bio-bitumen mixtures. As can be seen, the in-
corporation of SM resulted in higher CTindex and AFR. 
The CTindex values of bio-bitumen were 20 % higher 
than control mixture. The higher values of AFR indi-
cate improved cracking resistance of bio-bitumen.  
 
 
 
 
 

 

 
 
 
 
 
 
 
Figure 7 CTindex and AFR variation of bio-bitumen 

7 CONCLUSIONS 

This study evaluated the rheological and mixture per-
formance of bio-bitumen against permanent defor-
mation and fatigue resistance.  

• The addition of SM through MSCR test re-
sults revealed that bio-bitumen had lower rate 

of strain accumulation and lower non recover-
able creep compliance.  

• The number of cycles to failure slightly in-
creased, indicating an improved fatigue life of 
bio-bitumen in comparison to base binder.  

• Through wheel rut testing, it was found that 
bio-bitumen mixture had lower rut depth com-
pared to control mixtures.  

• The bio-bitumen mixtures had 20 % CTindex 
than the control mixtures.  
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1 INTRODUCTION 
Energy generation, transportation, and manufactur-
ing collectively account for the majority of global 
carbon emissions, with road transportation being a 
major contributor. To address this, asphalt pavement 
recycling technologies, particularly hot central plant 
recycling, have been widely adopted to reduce re-
source consumption and emissions in road construc-
tion. This method mixes reclaimed asphalt pavement 
(RAP) with virgin bitumen and rejuvenators under 
controlled conditions, though challenges like RAP 
variability and limited content persist. Utilizing 
waste products such as bio-oils, and engine oils as 
rejuvenators has shown significant potential for en-
hancing recycling efficiency and promoting waste 
utilization.  
Recent studies have explored various bio-oils and 
waste products as rejuvenators for aged bitumen, 
yielding promising results. Daniel Oldham et al. 
demonstrated that esterifying WCO via transesterifi-
cation reduces acidity and enhances resistance to 
water damage [1]. Lv et al. investigated WBO's re-
juvenation effects on aged bitumen through rheolog-
ical and microscopic analyses [2], while Wang et al. 
highlighted that bio-oil's rejuvenating effects vary 
with dosage, recommending levels below 10% [3]. 
Wang et al. found that WCO marginally restores 
self-healing properties, with temperature playing a 
critical role [4]. Ke et al. revealed that CFO im-
proves fatigue resistance and recommended a 6% 
addition rate [5]. Yi et al. reviewed rejuvenation 
mechanisms, noting plant-based products restore 
through diffusion, while animal-based rejuvenators 
act on molecular forces [6].  

On a molecular scale, Shisong Ren revealed that mo-
lecular mobility differences in rejuvenators influence 
the restoration of low-temperature relaxation proper-
ties [7]. While significant progress has been made, 
the underlying mechanisms of bio-rejuvenated bitu-
men remain unclear.  
The aim of this study is to investigate the rejuvenat-
ing effect of bio-oil on aged bitumen and its underly-
ing mechanisms. By modeling various proportions 
of aged bitumen, virgin bitumen, and bio-oil, the 
density, diffusion property, and asphaltene aggrega-
tion are evaluated. To elucidate the rejuvenation 
mechanisms, we analyzed MSD and RDF index dur-
ing MD simulations.  

2 MATERIALS AND METHODOLOGY 

2.1 Model Establishment 
Bitumen is a multifaceted organic mixture predomi-
nantly consisting of carbon, nitrogen, oxygen, and 
sulfur, derived from the petroleum refining process. 
Due to its intricate composition, it is nearly imprac-
tical to define a molecular model based on a single 
bitumen component. Instead, researchers typically 
segregate bitumen into four main fractions based on 
polarity and solubility: saturates, aromatics, resins, 
and asphaltenes (SARA). Li and Greenfield et al. 
devised the 12-component models reflecting these 
SARA classifications to depict the pristine bitumen 
composition [8]. Upon aging, FTIR analysis indi-
cates a marked elevation in both the carbonyl index 
(ICO) and the sulfoxide index (ISO) [9]. By incorpo-
rating variable quantities of ketone and sulfoxide 
groups into the original 12-component models, re-
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searchers can simulate the molecular structure of 
aged bitumen. Palmitic acid, oleic acid, linoleic acid, 
and stearic acid were chosen as the molecular struc-
tures of bio-oil. The molecular structures of the vir-
gin bitumen, aged bitumen, and bio-oil are shown in 
Figure 1. The simulations utilize the OPLS-AA 
Force Field, specifically designed for organic small 
molecules, to effectively reproduce the physical 
properties of the bitumen system.  

 
Figure 1. Structures of molecular structures of virgin bitumen, 
aged bitumen, and bio-oil. 
MD simulations of various bitumen molecular con-
figurations, including virgin and aged bitumen as 
well as bio-oil, were conducted in a periodic cubic 
box using the Gromacs software. Initial molecular 
models were constructed using Packmol software. 
Visualization of the molecular models was per-
formed using the Visual Molecular Dynamics 
(VMD) software.  

2.2 Simulation methods 

2.2.1 Model equilibrium 
After configuring the system, the model underwent 
further MD simulations with a simulation timestep 
of 1 fs. The equilibrium process for the system is de-
tailed as follows:  
1.Energy minimization: Initial relaxation of the sys-
tem to remove any high-energy configurations.  
2. Annealing at NVT ensemble: The temperature cy-
clically varied between 298.15 K and 598.15 K five 
times, each cycle lasting 10 ns, to enhance molecular 
mobility and achieve a more uniform distribution of 
molecular configurations.  
3. Equilibration at Higher Temperature (NVT En-
semble): The system is equilibrated at 598.15 K for 
10 ns to stabilize at this elevated temperature.  
4. Annealing in NPT Ensemble: Similar to step 2, 
but under constant pressure, temperature is cycled 
between 298.15 K and 598.15 K five times, each for 
10 ns.  
5. Final Equilibration in NPT Ensemble: The system 
is brought to a final equilibrium at 298.15 K for 10 
ns under constant pressure.  

After 40 ns of total equilibration, the system is 
deemed to have reached equilibrium. The simulation 
then continues for an additional 1 ns at a constant 
temperature (NPT ensemble at 298.15 K), during 
which molecular trajectories and simulated states are 
recorded every 5 ps.  

2.2.2 Shear viscosity 
During asphalt pavement construction, the viscosity 
of bitumen plays an important role in the mixing as 
well as paving process. Among the various methods 
for monitoring bitumen viscosity in MD simulations, 
the Periodic Perturbation Method stands out as par-
ticularly effective. This method, a type of nonequi-
librium molecular dynamics (NEMD), evaluates vis-
cosity by examining the stress-strain relationship 
within the simulation model under cyclic perturba-
tions. During simulation, a periodic external force is 
applied along the Z-direction to modulate the veloci-
ty field within the periodic system. Below are de-
tailed steps for calculating zero-shear viscosity using 
the periodic perturbation method in MD simulations:  
1. Initial Conformation: Start with a fully equilibrat-
ed conformation of the bitumen model as the initial 
state for viscosity calculations.  
2. Equilibration in NPT Ensemble: Equilibrate the 
system at 408.15 K for 10 ns under NPT ensemble 
conditions to stabilize pressure and temperature. 
3. Equilibration in NVT Ensemble: Further equili-
brate the system at 408.15 K for 10 ns under NVT 
ensemble conditions to stabilize temperature while 
keeping volume constant.  
4. NEMD Simulations: Perform NEMD simulations 
at a constant temperature of 408.15 K in the NVT 
ensemble. Apply different amplitudes of periodic 
perturbation (A = 0.01, 0.02, 0.03 nm/ps²) to the bi-
tumen molecules over 1 ns.  
5. Viscosity Calculation: Calculate the viscosity for 
each amplitude of the periodic perturbation and de-
termine the standard deviation for these measure-
ments.  
6. Linear Fitting and Extrapolation: Employ linear 
fitting to extrapolate the viscosity values at different 
shear amplitudes to determine the zero-shear vis-
cosity.  

2.3 Analyzing indicators 

2.3.1 Impact of bio-oil on diffusion behavior 
Mean Square Displacement (MSD) is used to de-
scribe the motion of a molecule over a certain time 
interval and is especially important in the study of 
diffusion processes. MSD is obtained by calculating 
the average of the squares of the changes in the posi-
tion of a particle over a specific time interval. The 
specific formula is shown in Equation (1): 

 (1) 



where r(t) denotes the particle position at time t, τ is 
the time interval, ⟨...⟩ denotes the average over all 
particles and/or all possible times t. The MSD helps 
to understand the diffusion properties within a sub-
stance.  

2.3.2 Impact of bio-oil on asphaltene aggregation 
The radial distribution function (RDF), denoted as 
g(r), is instrumental in describing the spatial distri-
bution of particles. Specifically, it quantifies the ra-
tio of the probability of locating another particle 
within a spherical shell at a specific distance r from 
a reference particle, relative to the probability of 
finding such a particle in an ideal gas state. This 
analysis is crucial for understanding the molecular 
aggregation and interaction dynamics induced by 
bio-oil in the bitumen. The RDF formula is given in 
Equation (2). 

 (2) 
where g(r) is the RDF value, ρ(r) is the average 
number of particles within the r and r+dr shell lay-
ers, and ρ_bulk is the bulk density of the particles. 

3 RESULTS AND DISCUSSION 

3.1 Zero-shear Viscosity Analysis 
Figure 2 illustrates the viscosity changes of aged bi-
tumen at shear amplitudes of 0.01, 0.02, and 0.03 
nm/ps², with varying proportions of virgin bitumen 
and bio-oil additions. Consistent with the shear-
thinning effect, the viscosity of each bitumen model 
decreases as the shear amplitude increases. This 
phenomenon is attributed to the formation of 
nanoaggregates within the asphaltenes and aromatics 
components of the bitumen. To accurately determine 
the zero-shear viscosity, linear fits to the viscosity 
measurements at the three shear amplitudes were 
performed. The zero-shear viscosity for each model 
is identified at the intersection of the extrapolated 
line with the Y-axis, providing a precise measure of 
the model's inherent viscosity absent of shear forces.  
The shear viscosity measurements indicate that aged 
bitumen inherently possesses a higher viscosity 
compared to virgin bitumen. Upon the incremental 
addition of virgin bitumen to the aged mixture, a 
progressive decrease in shear viscosity is observed. 
This dilution effect is further enhanced by the incor-
poration of bio-oil. The results of the zero-shear vis-
cosity simulation show the same trend as the viscosi-
ty lab-test results. Notably, the addition of bio-oil 
significantly reduces the viscosity of the aged bitu-
men, allowing it to approach the lower viscosity lev-
els characteristic of virgin bitumen. This trend sug-
gests that strategic formulations involving virgin 
bitumen and bio-oil can effectively modulate the 
rheological properties of aged bitumen, optimizing it 

for specific application requirements and improving 
its workability during paving processes.  
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Figure 2. Density of each bitumen model. 

3.2 Component diffusivity analysis 
The rejuvenation effectiveness of aged bitumen is 
significantly influenced by the penetrative capacity 
of the rejuvenator. An increase in penetration ability 
of the rejuvenator typically correlates with a signifi-
cant increase in the rejuvenation effect. In this study, 
MSD analysis was utilized to investigate the diffu-
sion characteristics of bio-oil within the bitumen 
system. The MSD data were collected from simula-
tions conducted at a constant temperature of 298.15 
K over a duration of 1 ns under the NPT ensemble.  
To mitigate the impact of initial fluctuations and en-
sure the system reached a steady state, the first and 
last 10% of the data collected during the simulation 
were excluded from the analysis.  
Figure 3 presents the MSD curves for bitumen mod-
els with various dosages of virgin bitumen and bio-
oil, all measured at 298.15 K. The analysis reveals 
that the self-diffusion rate of aged bitumen is inher-
ently slower compared to that of virgin bitumen. 
However, the diffusion capability of the aged bitu-
men is enhanced with the addition of virgin bitumen. 
Notably, the introduction of bio-oil significantly 
boosts the overall self-diffusion ability of the bitu-
men system.  
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Figure 3. MSD curves for each bitumen model. 



3.3 Structural analysis of bitumen models 
This study employs RDF analysis to further investi-
gate the structural changes of aged bitumen after the 
addition of virgin bitumen and bio-oil. Given that 
asphaltenes represent the most viscous component of 
bitumen, significantly contributing to its overall vis-
cosity, this study focuses on the behavior of asphal-
tenes and their interactions within various compo-
nents of virgin bitumen and bio-oil rejuvenated 
bitumen.  
Figure 4 displays the RDF curves of asphaltene-
asphaltene interactions within bitumen models reju-
venated by different dosages of bio-oil. The figure 
illustrates a clear trend: as the dosage of bio-oil in-
creases, the peak values of the RDF curves decrease. 
This trend signifies an improvement in asphaltene 
dispersion within the bitumen with each incremental 
addition of bio-oil. The reduction in RDF peak 
heights indicates that bio-oil acts effectively to di-
minish the degree of asphaltene aggregation in aged 
bitumen. This molecular level disaggregation is cru-
cial as it directly contributes to the rejuvenation of 
key performance characteristics of the bitumen, such 
as reduced viscosity and enhanced self-diffusion co-
efficients. By facilitating better dispersion of asphal-
tenes, bio-oil not only mitigates the stiffening effect 
inherent in aged bitumen but also enhances the ma-
terial's overall workability and durability.  
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Figure 4. RDF curves for different bio-oil doping models. 

4 CONCLUSIONS 
In this study, molecular dynamics simulations were 
used to investigate the physical properties and na-
noscale structural characteristics of aged bitumen, 
virgin bitumen, and bio-oil mixed models. The study 
aims to explore the rejuvenating of bio-oil as a reju-
venator for aged bitumen. The comprehensive simu-
lations yielded the following conclusion: the incor-
poration of virgin bitumen and bio-oil into aged 
bitumen can effectively reduce zero-shear viscosity. 
The MSD index indicates that the incorporation of 
bio-oil can effectively improve the diffusion capaci-
ty of bitumen molecules. RDF analysis indicates that 
the addition of virgin bitumen and bio-oil can weak-

en the aggregation of asphaltenes, which is a key 
reason for their rejuvenation in aged bitumen.  
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1 INTRODUCTION 

Sustainable infrastructure certification systems are 
tools to evaluate the compliance of a project to spe-
cific sustainability requirements. These certifications 
stand out for their ability to integrate economic, envi-
ronmental, social, and governance dimensions, 
providing an overall rating that captures the level of 
sustainability of the project throughout its life cycle. 
The systems are based on specific indicators, and the 
final scores that deter-mine the level of sustainability 
are obtained through the direct sum of through a 
weighted system of partial scores, which allows to 
compare the results between different projects (León, 
2018).  

These certifications can be applied at all stages of 
infrastructure projects: from planning and design to 
implementation and dismantling, and they not only 
encourage the transition to low-carbon economies 
and promote sustainable solutions to environmental 
problems, but they also build trust among stakehold-
ers such as governments, multilateral banks, and pri-
vate investors (Losos & Fetter, 2022). Similarly, cer-
tifications serve as a vehicle to implement and 
communicate best practices in sustainability within 
the infrastructure industry. 

The growing demand for sustainable infrastructure 
projects has driven the creation of certifications ‘tai-
lored’ to specific contexts, ensuring that evaluation 

criteria address the particularities of the sector and en-
vironment (Bhattacharya et al., 2019). Existing expe-
riences show that these certifications strengthen in-
vestor confidence by ensuring that projects meet high 
standards of quality and sustainability while consid-
ering the specific characteristics of each region and 
sector (León, 2018).  

Existing certifications include BREEAM Infra-
structure, created in the United Kingdom in 2003 as a 
pioneer in infrastructure sustainability. More recent 
efforts include FAST-Infra and Blue Dot Network. 
These newer certifications emphasize transparency 
and access to information while encouraging the mo-
bilization of private capital towards sustainable and 
high-quality projects (Losos & Fetter, 2022). Addi-
tionally, certification systems like Envision, SURE, 
and IS-Scheme have broadened evaluation ap-
proaches by incorporating specific criteria related to 
resilience, biodiversity, and social equity. This ap-
proach has led certifications to become not only tech-
nical tools but also instruments of transformation to-
wards more inclusive and responsible sustainable 
development models (Losos & Fetter, 2022).  

In developing countries like Colombia, these cer-
tifications are especially relevant due to the need to 
align national standards with global sustainability de-
mands. Although national regulations include basic 
sustainability-related aspects such as environmental 
licensing and project compensations, robust technical 
metrics and a comprehensive approach that also in-
cludes governance, resilience, and social justice 
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ABSTRACT: The construction sector is one of the most polluting industries because of its high resource con-
sumption and related greenhouse gas emissions. To reduce these impacts, many countries have adopted sus-
tainable practices for road infrastructure projects, which are major contributors to the industry’s footprint. Over 
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also provides a preliminary evaluation of a Colombian public-private partnership road project using the Envi-
sion certification. The findings of this evaluation highlight opportunities to the project –and, on a major scale, 
to the country–, to enhance sustainability in the areas of materials, pavement design, energy use, and emissions.   



dimensions are still missing. For instance, interna-
tional certifications address aspects such as resource 
efficiency, climate impact mitigation, and habitat pro-
tection, areas where Colombian regulations have sig-
nificant limitations (Losos & Fetter, 2022). 

Finally, certifications also play a crucial role in 
risk assessment and in the mobilization of financial 
resources. For example, for investors of public-pri-
vate partnership road projects, the compliance with 
sustainability standards implies a reduction in risks 
associated with projects and ensures alignment with 
international agreements such as the Paris Agree-
ment. This impact goes beyond the environmental 
area, as it also promotes practices that strengthen so-
cial equity, include vulnerable communities, and gen-
erate tangible benefits for populations affected by in-
frastructure projects (Sanchez, 2021; Losos & Fetter, 
2022).  

2 ENVIRONMENTAL CONSIDERATIONS 
AMONG CERTIFICATIONS 

Understanding the environmental considerations of 
existing sustainable certifications is particularly im-
portant for pavement engineers, as they provide in-
formation to support decision-making processes re-
lated to material selection, pavement design, and con-
struction and maintenance strategies, all of which can 
positively impact the sustainability of a project. Thus, 
the environmental aspects of the following nine inter-
national sustainability certifications that are applica-
ble to road infrastructure projects were analyzed and 
compared: i) BREEAM Infrastructure, ii) GreenPave, 
iii) Green-LITES, iv) Greenroads, v) INVEST, vi) 
Envision, vii) IS-SCHEME, viii) SURE, and ix) 
FAST-Infra. The analysis focused on four main envi-
ronmental topics: materials, energy and fuel, natural 
environment, and pollution. Within these, recurring 
patterns, less developed areas, and outstanding prac-
tices were identified. 

2.1 Materials 
After comparing all systems, seven subtopics were 
identified in this area: recycling, reuse, use of local 
materials, waste management, tools to measure envi-
ronmental impact, durable designs and final disposal 
of materials. Figure 1 summarizes the findings. A 
value of ‘0’ on the axes in this figure means that no 
certification considers this component, while a value 
of 9 means that all certifications evaluated take it into 
account.  

It was found that recycling of materials is of par-
ticular interest in Greenroads and GreenPave, which 
are certification specifically for road infrastructure 
projects, and they include minimum recycling per-
centages based on the type of material and structure 
selected. In contrast, systems with a broader scope, 

such as Envision and IS-SCHEME, address recycling 
in a more general way, although IS-SCHEME com-
plements this evaluation with ‘Type I environmental 
labels’, facilitating the identification of materials with 
lower environmental impacts.  

In terms of material reuse, certifications like 
Greenroads and INVEST prioritize resource conser-
vation within the project, while BREEAM Infrastruc-
ture also focuses on reusing entire structures, high-
lighting their potential to minimize waste. Local 
materials are widely promoted in all systems as they 
reduce emissions related to transportation. However, 
only three certifications (GreenPave, Greenroads and 
SURE), specify usage percentages for these materi-
als, revealing differences in how this aspect is evalu-
ated.  

Finally, the IS-SCHEME certification stands out 
in the area of ‘materials’ as it is the only one that ad-
dresses all seven subtopics.  
 

 
 
 
Figure 1.  Number of certifications that consider the different 
‘materials’ components. 

2.2 Energy and fuel 
A total of four subtopics were identified in this area: 
reduction of energy consumption in the construction 
phase, reduction of energy consumption in the opera-
tion phase, use of alternative energies and reduction 
of the use of fossil fuels.  

Reduction of energy consumption during opera-
tion is included in seven certifications. Reduction of 
energy consumption during construction and use of 
alternative energies are addressed by six certifica-
tions. However, only three systems include concrete 
goals to reduce fossil fuels. Among them, INVEST 
promotes the use of biofuels and similar efficient 
technologies. GreenPave recommends the use of 
warm-mix asphalt for flexible pavements, which sig-
nificantly reduces energy consumption during the 
manufacturing stage. In terms of renewable energy, 
Greenroads and Envision are distinguished by 



establishing minimum usage percentages for renewa-
ble sources (5% and 25%, respectively), and reward-
ing projects with energy surpluses.  

Finally, Envision and INVEST were identified as 
the systems that more comprehensively address the 
different subtopics within the energy and fuel area. 

2.3 Natural environment 
The six subtopics identified in this area, which are il-
lustrated in Figure 2, are: conservation of water re-
sources, reduction of water consumption during the 
construction phase, reduction of water consumption 
during the operation phase, water resource manage-
ment, preservation of areas with high ecological value 
and soil preservation. 
 

 
Figure 2. Number of certifications that consider the different 
‘natural environment’ component. 

 
In this case, Envision stands out for promoting 

connectivity between fragmented habitats and biodi-
versity monitoring plans, and Greenroads encourages 
the use of permeable pavements to control runoff and 
preserve sensitive areas. On the other hand, 
BREEAM Infrastructure and Envision are the only 
ones that include the restoration of areas affected after 
construction. 

Envision, Greenroads, SURE, BREEAM Infra-
structure and FAST-Infra include all the subtopics in 
the natural environment area. 

2.4 Pollution 

A total of five subtopics were identified in this area: 
water, noise, air, light and soil pollution. Eight certi-
fications include aspects related with the first three, 
while light and soil pollution received less attention, 
and they are considered in only five certifications. 
Notably, Greenroads leads in water pollution with the 
recognition of specific techniques, such as biological 
filtration to remove heavy metals. Envision and 
Greenroads set goals to reduce embodied carbon in 

materials, encouraging innovative practices to control 
air pollution. In terms of noise pollution, GreenPave 
introduces ‘quiet pavements’ that reduce urban noise 
by up to 7 dBA. 

Envision, INVEST, SURE, BREEAM Infrastruc-
ture, and FAST-Infra address all five subtopics in this 
environmental area. 

3 EVALUATION OF A CASE OF STUDY 

As a first step to assess the current level of sustaina-
bility in major national road infrastructure projects in 
Colombia, a preliminary evaluation of the compliance 
of a 50 Km public-private partnership (PPP) project 
located on a mountainous area using the Envision cer-
tification was performed. These PPP are projects with 
investments exceeding $15.23 billion in Capex (EY, 
2024). They consist of an agreement between a public 
entity, in this case the national government, and a pri-
vate agent for the construction of public infrastructure 
and the provision of related services. In these types of 
contracts, the private partner assumes an important 
role in the management and mitigation of project 
risks. Road PPP projects have been developed over 
the last 25 years in Colombia, and they have been crit-
ical in developing a high-quality national road net-
work.   

The evaluation was performed using two scenar-
ios: i) strict, and ii) flexible. In the strict scenario, only 
practices implemented with the required documen-
tary evidence were considered, while in the flexible 
scenario, additional points were awarded for imple-
mented practices that lack of complete documenta-
tion.  

Envision has been proposed by the Institute for 
Sustainable Infrastructure (ISI) and the American So-
ciety of Civil Engineers (ASCE), and it evaluates five 
main categories: quality of life, leadership, resource 
allocation, natural environment, and climate and re-
silience. Scores awards projects the following levels 
depending on the total points obtained in percentage: 
Verified (20%), Silver (30%), Gold (40%), and Plati-
num (50% or more). This certification was selected as 
it has been widely promoted in North America and 
has the potential to be applied in Latin America as 
well.  

Under the strict scenario, the results suggest that 
the project could obtain a score of 32%, reaching the 
Silver level. This result reflects strengths in the ‘qual-
ity of life’ category, which excelled in both scenarios 
(see Figure 3), achieving high scores due to efforts to 
improve community well-being, mobility, and acces-
sibility. This reflects a strong focus on social sustain-
ability as a key priority of the project.  

However, categories related to environmental sus-
tainability, such as ‘energy’, ‘conservation’, and 
‘ecology’, scored low due to the absence of specific 
measures to reduce emissions, preserve sensitive 



habitats, and optimize energy resource use. Specifi-
cally, within the ‘natural environment’ category, only 
one credit related to the preservation of undeveloped 
land scored points, highlighting significant opportu-
nities to improve environmental conservation strate-
gies.  
 

 
Figure 3. Results of the preliminary evaluation of a national 
PPP road project using Envision. 
 

In the flexible scenario, the score increased to 
56%, achieving the Platinum level. This improvement 
was primarily due to the recognition of implemented 
practices without complete evidence, especially in the 
categories of ‘natural environment’ and ‘resource al-
location’. Additional points were awarded for efforts 
in conserving undeveloped areas and for the initial 
use of recycled and local materials. However, these 
areas still showed limited performance compared to 
other categories, emphasizing the need to improve 
material management and environmental sustainabil-
ity in the project.  

It is hypothesized that a similar situation might oc-
cur in several other road projects in the country, 
which is valuable information to promote actions 
(e.g., material specification, public policy, contrac-
tual conditions) to strengthen these areas. Future 
work includes to perform a similar evaluation to other 
projects. 

4 CONCLUSIONS 

This work confirms that international certifications 
are interesting tools for assessing sustainability in in-
frastructure projects and they promote high standards 
and trust among stakeholders. 

In terms of environmental sustainability, the certi-
fications emphasize key areas such as material man-
agement, energy efficiency, natural environment con-
servation, and pollution reduction. They also 
encourage valuable practices like material recycling, 

renewable energy adoption, and ecosystem protec-
tion. However, interesting opportunities were identi-
fied in some of the certification systems in areas such 
as long-lasting designs, tools to measure environmen-
tal impact, fossil fuel reduction, and soil preservation. 

The preliminary evaluation of a major public-pri-
vate partnership (PPP) road project in Colombia using 
Envision showed a strong commitment to social as-
pects, particularly in improving the living conditions 
of nearby communities and employees. The environ-
mental sustainability areas received the lowest scores, 
highlighting opportunities to improve sustainable as-
pects, mainly in the areas of materials, energy and 
emissions.  
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1. INTRODUCTION 

There is an increasing concern about the pollution 
generated by flexible pavement projects, as more than 
90% of road networks rely on asphalt binders –with a 
global demand that exceeds 18 million tons annually 
(Xie et al., 2017) –, and the fact that asphalt produc-
tion contributes approximately with 6% of the total 
industrial greenhouse gas emissions (Lei et al., 2021). 
This situation has motivated the evaluation of more 
sustainable alternatives. 

Biopolymers such as lignin have emerged as 
promising additives for the asphalt binder. This mate-
rial is a natural component abundant in plants and 
wood, that has shown to exhibit antioxidant and sta-
bilizing properties, making it an attractive candidate 
as an asphalt binder modifier (Boerjan et al., 2003). 
Previous studies have reported that the use of lignin 
in  asphalt mixtures is related to the increase in the 
thermal and oxidation resistance of the material 
(Duarte Mendonça et al., 2023; Feng et al., 2023; Yu 
et al., 2021). 

Despite these advances, there is still limited re-
search on the use of different types of lignin. Also, 
most research has focused on evaluating the impact 
of lignin on the asphalt binder or in asphalt mixtures, 
but not on asphalt mortars, which is the mixture of 
asphalt binder and fine aggregate particles that con-
stitutes a critical phase in the mechanical performance 

of asphalt mixtures. This study evaluated the use of 
Organosolv lignin as an asphalt binder modifier. The 
experimental plan included chemical testing of a lig-
nin-modified asphalt binder, as well as a rheological 
evaluation of its impact at the micro (asphalt binder) 
and meso (asphalt mortar) scales, considering various 
addition doses and ageing conditions. 

 
2. MATERIALS AND EXPERIMENTAL PLAN 

Details of the materials and the experimental method-
ology applied at each scale is described next. 

2.1. Materials and preparation of test specimens 
The selected asphalt binder was an unmodified 60/70 
(1/10 mm) penetration grade bitumen. The lignin was 
extracted from the Willow tree (Salix alba) using the 
Organosolv method and was acquired from China. 
The material is a brown powder with a purity of 
85.9%. The aggregates used to prepare the mortars 
are sandstone and they are smaller than 1.18 mm 
(sieve No. 16).  

2.1.1. Micro scale: asphalt binder specimens 
To evaluate the effect of the lignin on the chemical 
and rheological properties of the asphalt binder, five 
binder blends were prepared: i) original unmodified 
asphalt (A-0%), ii) asphalt that has undergone the 
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ABSTRACT: The increasing demand for road infrastructure, combined with the urgent need to reduce green-
house gas emissions, has intensified the interest in sustainable alternatives for asphalt use, which currently 
accounts for approximately 6% of all industrial emissions. Among these alternatives, lignin—a natural biopol-
ymer found in plans and a relevant byproduct of the paper industry—has demonstrated to have antioxidant and 
UV protection properties, which can extend the service life of asphalt mixtures. This work investigates the 
influence of Organosolv lignin on asphalt materials at two scales: i) asphalt binder (micro-scale), and ii) asphalt 
mortars (meso-scale). Linear viscoelastic properties of both materials at different ageing conditions were eval-
uated using different addition doses of lignin (0, 4, 8 and 12% by weight of the asphalt binder for asphalt 
modification and 0, 8 and 14% by weight of asphalt binder for mortars) at different ageing conditions, and a 
chemical characterization was conducted to assess the interactions between the lignin and the asphalt binder. 
The findings highlight the potential of this type of lignin as an additive for enhancing the response and durability 
of asphalt materials. 



mixing time and temperature conditions used for lig-
nin modification but without adding the product (AL-
0%), and ii) asphalt binder with 4% (AL-4%), 8% 
(AL-8%), and 12% (AL-12%) lignin by asphalt 
weight. The modification preparation procedure in-
volved heating the asphalt to 120°C for one hour, the 
lignin during the final 20 minutes to remove moisture 
and mixing the materials at 1000 rpm for 40 minutes, 
using the procedure determined by Abedin-Zadeh 
(2018). Notice that AL-0% was included in the exper-
imental plan, as the asphalt binder suffers ageing dur-
ing the modification process, and it was important to 
capture such changes. 

Within this stage of the research, the following age-
ing conditions were considered: 
− Unageing: asphalt binder in its virgin state. 
− Short-term ageing: simulated by subjecting the 

virgin binder to the Rolling Thin Film Oven 
(RTFO) test as per ASTM D2872. 

− Long-term ageing: simulated by subjecting the 
binder to the Pressure Aging Vessel (PAV) test 
as per ASTM D6521. 

2.1.2. Meso scale: asphalt mortar specimens 
The asphalt mortars were fabricated using asphalt 
binder modified with lignin in proportions of 0%, 8% 
and 14%, by weight of the binder. The mortar design 
was based on the fine asphalt matrix of a regular 
dense graded hot-mix asphalt mixture with a nominal 
maximum aggregate size of 25mm. The asphalt con-
tent was 9.75% by total weight and the particle size 
distribution corresponded to that shown in Table 1.  
 
Table 1. Gradation curve of asphalt mortar. 

Sieve Sieve 
[mm] 

%Passing 
 [%]   

16 1.18 100 
40 0.42 65 
80 0.17 42 

200 0.075 13 
Passing 200 - 0 

 
To fabricate the mortar specimens, both the asphalt 

binders and aggregates were preheated to 160°C for 
one hour prior to mixing. Testing included samples 
subjected to three different ageing conditions using 
one of the protocols proposed in NCHRP 09-54 (Kim 
et al., 2015): 
−  Short-term ageing (ST): 160°C for 90 minutes. 
−  Medium-term ageing (LT1): 135°C for 8 hours. 
−  Long-term ageing (LT2): 135°C for 24 hours. 

After ageing, the mixtures were compacted into cy-
lindrical specimens with 10 cm in diameter and in 
height using the Superpave Gyratory Compactor 
(SGC) at a target air void content of 10%, with a tol-
erance of ±0.7%. Small cylindrical specimens with 
12mm in diameter and 50mm in height were cored 
from the SGC specimen. 

2.2. Experimental plan 
The experimental plan included the evaluation of the 
chemical properties of the modified asphalt binder us-
ing Fourier transform infrared spectroscopy (FTIR) 
and the analysis of the mechanical properties of the 
modified asphalt and of mortars prepared with these 
binders. The latter consisted of computing the dy-
namic shear modulus (|G*|) of the materials at the dif-
ferent lignin doses and ageing states. 

2.2.1. Chemical characterization 
The chemical characterization of the asphalt binder 
was performed using Fourier transform infrared spec-
troscopy (FTIR), with the aim of identifying the sul-
foxide (S=O) and carbonyl (C=O) functional groups, 
whose increase is associated with asphalt ageing (Hou 
et al., 2018). For this purpose, asphalt samples in their 
original, short-term aged (RTFO) and long-term aged 
(PAV) states were analyzed. 

2.2.2. Mechanical characterization 
The dynamic shear modulus (|G*|) of the binders and 
mortars was measured under the different ageing con-
ditions. To do so, a dynamic shear rheometer with a 
parallel plate system for testing the binders and the 
solid geometry for testing the mortars was used to 
conduct frequency and temperature oscillatory strain 
sweep tests in the linear viscoelastic range. At the two 
scales, frequency ranged between 1 and 30 Hz and 
temperature between 25°C to 75°C in 10°C incre-
ments. 

 
3. RESULTS 

Below are the results obtained from the chemical 
characterization on the asphalt binder and the me-
chanical characterization on the two scales. 

3.1. Chemical characterization. 
Figure 1 shows the FTIR results on the asphalt binder 
samples, highlighting a key difference in the 1000 and 
1700 cm-1 band, corresponding to sulfoxide (S=O) 
and carbonyl (C=O) functional groups. In the virgin 
lignin-free asphalt (A-0%), a gradual increase in this 
band is observed from the unaged to RTFO state, with 
a marked peak at the PAV state, an expected increase 
since these groups increase with asphalt ageing 
(NCHRP 09-54). In contrast, in the binder modified 
with 12% lignin (AL-12%), the shift in the unaged 
and RTFO states is almost non-existent, and the peak 
at the PAV state is noticeably lower, when compared 
to the results for A-0%. This result demonstrates that 
this type of lignin controls the formation of these 
functional groups, confirming its anti-ageing effect 
on asphalt.  
 



Figure 1. FTIR chemical characterization of asphalt binders (a) 
A-0% and (b) AL-12% in different ageing states. 

 
 

3.2. Mechanical characterization. 
The average results of |G*| were used to construct 
master curves of both materials at a reference temper-
ature of 45°C. As an example of the results, Figure 2 
shows the master curves of the asphalt binder and of 
the asphalt mortars with 0% and 8% lignin, grouped 
based on the ageing state. 

At the asphalt binder level (micro scale, Figure 
2.a), it is observed that the addition of lignin increases 
the stiffness of the material (i.e. increase in |G*|) in its 
original unaged state, as expected as the lignin acts as 
a filler additive. For example, at 45 °C and 1 Hz (Fig-
ure 2.a) |G*| increased by 19.93% and 42.39% be-
tween the asphalt binder without lignin and that with 
lignin at 4% and 8%, respectively.  

 

 

  
Figure 2. Master curves of |G*| at 45 °C for (a) asphalt binders, and (b) asphalt mortars at the different ageing states evaluated.

 
When comparing the impact of lignin addition in 

the increase in |G*| in the asphalt binder, it is observed 
that for the PAV ageing condition, the magnitude of 
|G*| is smaller as the lignin content increases. This, 
combined with the smaller differences in the increase 

of |G*| between ageing conditions in the binders with 
lignin, is evidence of the anti-ageing effect of lignin. 
For instance, at 45 °C and 10 Hz the modulus in-
creased by 104.2% and 718.7% in the RTFO and 
PAV states for the binder with no lignin compared to 

   

      

      

      

      

                  
                      

    
     
      

          

      

      

      

      

                  
                      

    
     
      

         

      

      

      

                  
                      

      
      
      

           

      

      

      

                  
                      

      
      
       

           

      

      

      

      

                  
                      

    
     
      

      

      

      

                  
                      

     
     
      

          

   

             

                           
                 

               

      

                           
                 

               

      

   

   



the unaged condition (Figure 3a), while these in-
creases were of 101.7% in the RTFO state and 
374.2% in the PAV state in the binder with 4% of lig-
nin. 

Although in asphalt mortars the addition of lignin 
produces larger values of |G*| is all ageing states (Fig-
ures 2b and 3b), the increase in |G*| between ageing 
states was smaller in the mortars with larger amounts 
of lignin. For example, at 1 Hz and 45 °C, the 

magnitude of |G*| for the mortar without lignin in-
creased by 61.6% between the ST and LT1 ageing 
states, while this increase was 93.8% in the LT2 state, 
(Figure 3b). In the asphalt mortar with 14% lignin, the 
increases in |G*| were only 21.4% and 49.3% when 
passing from the ST state to the LT1 and LT2 ageing 
states, respectively. This again shows the antioxidant 
effect of lignin in asphalt materials.  

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3. Magnitude of |G*| at 45 °C and 1 Hz and 10 Hz for (a) asphalt binder and (b) asphalt mortar. 

 
4. CONCLUSIONS 

This study investigated the impact of Organosolv lig-
nin on the chemical and rheological properties of an 
asphalt binder and on the rheological properties of an 
asphalt mortar. The following are the main conclu-
sions: 

The addition of lignin increased the stiffness of 
both materials, due to the presence of an additional 
solid fraction. This effect was consistent in both ma-
terials across all ageing levels, except for the PAV 
conditions, where the unmodified binder had the larg-
est value of |G*|. In unaged conditions and during 
short-term ageing (simulated by RTFO for asphalt 
binders and ST for mortars), lignin caused an increase 
in the dynamic modulus in the order of 46 and 138%, 
respectively. However, in advanced ageing states 
(PAV for asphalt binder and LT1 y LT2 for mortars), 
the anti-ageing properties of the lignin controlled the 
progression of the stiffening effect in both materials. 

These findings confirm previous studies on bind-
ers and mixtures that have shown the potential of lig-
nin, in this case Organosolv, as an additive to control 
oxidative hardening caused with ageing. Thus, its use 
is associated with mixtures that are less fragile under 
severe ageing and, consequently, more durable.  

Future studies are recommended to comprehen-
sively evaluate the impact of this and other types of 
lignin on the long-term performance (i.e. rutting, fa-
tigue cracking, low temperature cracking) on asphalts 
with different chemical compositions. 
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1 INTRODUCTION 

The increasing demand on roadways over the past 
few decades, combined with shrinking budgetary al-
locations and the necessity to maintain a safe, effi-
cient, and cost-effective transportation system, has 
created a pressing need to rehabilitate aging pavement 
infrastructure. In this context, asphalt recycling and 
reclaiming have gained significant attention as both 
technically and environmentally sustainable methods 
for pavement rehabilitation (ARRA, 2015). These 
techniques align with societal goals by providing 
safer and more durable roadways while reducing en-
vironmental impacts and energy consumption com-
pared to traditional reconstruction methods. 

Among the various recycling methods, Full Depth 
Reclamation (FDR) has emerged as a preferred reha-
bilitation technique (Smith & Braham, 2018). FDR 
involves pulverizing the entire thickness of the as-
phalt pavement, along with a portion of the underly-
ing layers (such as base, subbase, and subgrade), to 
create a homogenous material (Ghanizadeh, et al., 
2018). This reclaimed material can often serve as a 
stable base for a new surface layer. However, when 
necessary, mechanical, chemical, or bituminous sta-
bilization methods are employed to enhance the struc-
tural and functional properties of the reclaimed mate-
rial. 

The depth of FDR typically ranges between 100 mm 
and 300 mm, depending on factors such as existing 
pavement thickness, soil characteristics, and traffic 
load repetitions (Mallick et al.). The use of FDR im-
proves the pavement’s bearing capacity, structural in-
tegrity, and longevity, thereby enhancing overall per-
formance. By recycling existing materials, FDR 
minimizes environmental impact while offering a 
cost-effective solution for modern infrastructure de-
velopment (Smith & Braham, 2018). 

Full Depth Reclamation (FDR) materials treated 
with a combination of emulsion and cement demon-
strate superior performance in submerged conditions 
compared to those treated with emulsion alone. The 
addition of cement enhances the mixture's durability 
and significantly increases its indirect tensile 
strength, ensuring improved structural integrity and 
long-term performance (González et al., 2016). The 
Indirect Tensile Strength (ITS) of bitumen-stabilized 
materials improves with increasing emulsion content 
at a constant cement dosage (Grilli et al., 2018). It has 
been reported that the stiffness modulus of bitumen-
stabilized materials decreases with an increase in re-
claimed asphalt content from 0% to 80%. However, 
this improved when cement dosage was increased 
from 1% to 2% at a constant emulsion content (Grilli 
et al., 2018). Studies showed that increase in the ce-
ment content in bitumen-stabilized materials (BSM) 
reduces the slope of fatigue lines, indicating a transi-
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ABSTRACT: Full Depth Reclamation (FDR) is a sustainable and cost-effective pavement rehabilitation tech-
nique that involves the in-place recycling of existing pavement materials.  The current study evaluates the per-
formance of FDR mixes treated with stabilizing agents such as cement and emulsion. The research compares 
three distinct gradations considering various in-service pavement compositions carrying different traffic vol-
umes: (i) 100% RAP mix (ii) 50% RAP mix and (iii) 42% soil mixture. Mix design was performed and the 
performance characterization has been carried out for all three mixes. The performance was assessed through 
the indirect tensile cracking tolerance test. The results show that the increasing the cement content or the emul-
sion content can improve the indirect tensile strength of the FDR mixes. However, the increase in cement con-
tent can reduce the flexibility and cracking tolerance of the mix whereas increase in emulsion content can im-
prove the flexibility of the FDR mix. 
 



tion in material behaviour from asphalt mix to ce-
ment-treated materials (Modarres et al., 2011) De-
spite its advantages, FDR design in India faces chal-
lenges due to the lack of comprehensive guidelines. 

2 OBJECTIVES 

The current study aims to carry out a performance 
evaluation of FDR mixes with three distinct grada-
tions corresponding to in-service pavement composi-
tions carrying different traffic volumes, viz, (i) 100% 
RAP mix (ii) 50% RAP mix and (iii) 42% soil mix-
ture. The 50% RAP mix and 42% soil mixes are in-
dicative of roads carrying high and low traffic volume 
respectively. The FDR are mixes are subjected to in-
direct tensile test and their performance is evaluated 
by determining the Cracking Tolerance Index (CTI). 

3 MATERIALS   

3.1 Cement 
Ordinary Portland Cement (OPC) 43-grade was 
utilized in this study. The Properties of Cement 
comply to IS Standards (IS: 269, 2015). 

3.2 Bituminous Emulsion 
A slow-setting bituminous emulsion (SS-2) 
containing 61.80% bitumen by weight was used 
(table 1). 

3.3 Virgin Aggregates 
Virgin aggregates of varying sizes, including 40 mm, 
20 mm, 10 mm, 6 mm, and stone dust, were 
incorporated into the mix. The aggregates were 
graded in accordance with standard specifications to 
ensure proper particle size distribution for optimal 
performance. 

Table 1. Properties of SS-2 emulsion                                                                                        

Properties Result Specifi-
cations 

Test 
method 

Penetration (residue) at 
25◦C, 100 g, 5 s, 0.1 
mm 65 60-350 IS8887 
Residue 600 micron IS 
Sieve (% mass) 0.038% Max 0.05 IS8887 
Viscosity by Say bolt 
Furol Viscometer, Sec-
onds 41 30-150 IS3117 
Storage stability after 
24 h, % 0.7 Max 2 IS8887 
Miscibility with water 
(coagulation) 

No Co-
agulation 

No Co-
agulation IS8887 

Residue by evapora-
tion, % 61.80% Min 60 IS8887 

3.4 Reclaimed Asphalt Pavement (RAP) 
Reclaimed Asphalt Pavement (RAP) material 
containing 4.4% residual binder was used in the 
preparation of the samples. 

4 GRADATION 

The gradations were selected in such a way that they 
represent the actual reclaimed material during FDR of 
in-service pavements. The 100% RAP mix represents 
the scenario of reclaiming a thick asphalt layer (figure 
1). The 50% RAP mix and 42% soil mixes are indic-
ative of roads carrying high and low traffic volumes 
as shown in Figure 1. It has been ensured that the se-
lected three gradations comply with the Technical 
Guideline 2 (TG2) for bituminous stabilized materials 
and Cement-Treated Base (CTB) gradation limits for 
FDR materials (MoRTH, 2013).  

 

Figure 1. Criteria used for selecting FDR gradations 

4.1 High volume Road 

Trial and error exercises with different crust compo-
sitions corresponding to the available templates (1 to 
8) in IRC 37: 2018 (based on standard axle road rep-
etitions and California Bearing Ratio) were per-
formed to arrive at the required graduation for high-
volume roads. The thickness of the Full Depth Recla-
mation (FDR) material was limited to 300 mm. The 
overall reclamation thickness of 300 mm serves as the 
basis for calculating the contribution of each pave-
ment layer to the overall gradation. 

Blending was performed considering the gradation 
for the base course (WMM) as per MoRTH (2013), 
and the actual gradation of RAP milled from the 
wearing and binder courses. To represent those pave-
ments that have been rehabilitated in the past with 
multiple overlays, 100% RAP mixes were considered 
in the study.  In order to represent high-volume traffic 
roads, 50% RAP mixes were included, considering 
both RAP and granular layer (WMM). 



4.2 Low Volume Road 

For low-volume roads, the choice of gradation was 
based on the pavement design catalogues for gravel 
and granular bases/subbases outlined in IRC-SP-
72:2015. Similar to high-volume roads, the thickness 
of the FDR layer is limited to 300 mm to analyse the 
contribution of the top layer of pavement. The grada-
tion for layers such as Granular Subbase (GSB) and 
Gravel Base are obtained from the MORD (2014). A 
blending exercise is conducted for varying CBR val-
ues and traffic categories using the design templates 
from IRC-SP-72:2015. 

Traffic category T2 with a CBR range of 7-9% was 
considered to arrive at the final FDR gradation.  The 
final gradation for FDR was developed by blending 
the fractions from different layers, ensuring align-
ment with low-volume road performance require-
ments. Figure 2 shows the final gradation for a) 100% 
RAP, b) 50% RAP (high volume) and c) low volume 
roads. The upper and lower limits for cement-treated 
base material (IRC 37, 2018) are also included for ref-
erence.  

 

Figure 2. Final Gradation for the FDR mixes 

5 MIX DESIGN FOR FDR MIXTURES 

The mix design for Full Depth Reclamation (FDR) 
was performed considering three distinct mixtures: a) 
100% RAP, b) 50% RAP + 50% fresh aggregates and, 
c) 41.7% soil and 58.3% fresh aggregates. 

To stabilize these mixtures, bituminous emulsion at 
3% and 4%, and cement at 1% and 2% were incorpo-
rated, resulting in a total of 12 combinations. The de-
termination of the Optimum Moisture Content 
(OMC) for each mixture was performed, and the re-
sults are summarized in Table 2. The OMC included 
the pre-wetting water content and the water content 
of the emulsion. 

 

 

Table 2. Optimum Moisture Content for Different Mix-
tures 

Mixture Composition Cement 
Content (%) OMC (%) 

100% RAP 1 3.70 
2 3.80 

50% RAP + 50% Fresh 
Aggregate 

1 3.90 
2 4.10 

41.7% Soil + 58.3% 
Fresh Aggregate 

1 4.00 
2 4.25 

5.1 Sample Preparation and Compaction 

Initially, the sample was prepared as per the required 
gradation to which the specific cement content (1, 
2%) was added. Further, 1% pre-wetting water con-
tent was added to the mix, followed by the addition of 
emulsion. Further, the mix was cured at 40°C for 30 
minutes in accordance with the guidelines provided 
by ARRA.  The samples were further compacted us-
ing the Marshall Compaction method, where 75 
blows were applied on both sides of the specimen to 
achieve the required density. After compaction, the 
specimens underwent post-compaction curing at 
40°C for 72 hours. Following the curing process, the 
samples were subjected to a series of performance 
tests to evaluate their mechanical characteristics. The 
air void content in the sample ranges between 7- 13%. 

5.2 Indirect Tensile Cracking Tolerance Test  

The Indirect Tensile Cracking Tolerance test 
(IDEAL-CT) test was conducted at a temperature of 
25°C to determine the cracking resistance of asphalt 
mixes (ASTM D8225-19). The load vs deformation 
curve gives an indication of the flexibility of the 
mixes. CT index is calculated as Eq (1) 

  𝐶𝑇𝑖𝑛𝑑𝑒𝑥 =  
𝑡

62
×

𝑙75 

𝐷
×

𝐺𝑓

|𝑚75|
× 106                                       (1) 

Where,  |𝑚75| = absolute value of the post-peak slope 
(N/m), 𝐷 = Average diameter of the sample (mm), 𝑡 
= Average height of the sample (mm), 𝐺𝑓 = Failure 
Energy (Joules/mm2), and 𝑙75 = Displacement at 75 
% of the peak load after the peak (mm). 

6 RESULTS AND DISCUSSIONS 

Figure 3 shows the ITS (indirect tensile strength) val-
ues of the FDR fixes at varying cement and emulsion 
dosages.  Table 2 shows the Cracking Tolerance In-
dex (CTI) of the different mixes.  
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It can be observed that increasing either cement or 
emulsion content leads to an increase in the ITS for 
all the mixes.  However, at a constant emulsion con-
tent, an increase in cement dosage results in a de-
crease in the crack tolerance index (CTI). In contrast, 
increasing the emulsion content at a constant cement 
content results in an increase in both the ITS and the 
CTI of the mixes.  

 

Figure 3. Indirect Tensile Strength (ITS) 

Table 2: ITS strength And CT index of FDR mixture 

Mix Notation 
Emul-
sion 
(%) 

Cement 
(%) 

ITS 
(kPa) CTI 

50 % 
RAP 

50 R E3C1 3 1 296.9 25 
50 R E3C2 3 2 395.2 10 
50 R E4C1 4 1 362.8 33 
50 R E4C2 4 2 430.4 20 

100 
% 

RAP 

100 R E3C1 3 1 453.1 43 
100 R E3C2 3 2 538.3 34 
100 R E4C1 4 1 519.5 66 
100 R E4C2 4 2 586.4 42 

T2 

T2 R E3C1 3 1 275.4 7 
T2 R E3C2 3 2 311.1 5 
T2 R E4C1 4 1 345.1 8 
T2 R E4C2 4 2 372.8 5 

Figure 4 shows the load vs deformation curve for 
100% and 50% rap mixes at specific cement and 
emulsion contents.  

 

 
 
 
 
 
 
  Figure 4. Load Vs Deflection Curve 

 
Though the increase in cement content (1 to 2%) re-
sults in a higher peak load, the area under the curve 
significantly reduces. In contrast, an increase in emul-
sion content (3 to 4 %) improves the area under the 
curve and the overall flexibility of the mixes. It was 
observed that the soil mixes exhibited brittle behav-
ior, failing suddenly without significant deformation. 

7 CONCLUSIONS 

The influence of emulsion on FDR mixes containing 
RAP is significant due to the improved flexibility and 
cracking resistance imparted by the bituminous emul-
sion.  Though the increase in cement dosage can in-
crease the indirect tensile strength, the flexibility of 
the mix is adversely affected. However, the addition 
of emulsion along with cement can improve the indi-
rect tensile strength as well as the flexibility of the 
FDR mixes. The influence of emulsion on soil mixes 
is not significant and it was observed that the soil 
mixes exhibited brittle behaviour. 
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1. INTRODUCTION 
Permanent deformation, moisture damage, etc., are 
some of the major concerns with asphalt pavement. 
Similarly, poor riding quality, heat generation due to 
friction, etc., are major concerns with cement con-
crete pavement. Nevertheless, both of these conven-
tional pavements have their own advantages. There-
fore, an attempt was made in the past to develop 
composite material that holds the advantages of as-
phalt as well as cement concrete pavement while ad-
dressing major drawbacks with respective pavement 
types. As a result of this thought process, Semi-
Flexible Pavement (SFP) was developed, combining 
the benefits of asphalt and cement concrete pave-
ment. SFP essentially consists of a porous asphalt 
skeleton filled with cementitious grout material. The 
asphalt mix part provided flexibility, while the ce-
mentitious grout phase provides strength to such 
composite material. Traditionally, the porous asphalt 
skeleton of SFP is prepared with the help of fresh 
asphaltic material. As a result, it holds serious envi-
ronmental concerns. At the same time, it also pro-
vides an opportunity for researchers to look into al-
ternative options for fresh asphalt mixtures to 
improve the sustainability quotient of SFP-based 
composite material. In this direction, one of the 
ways to address this problem could be the utilization 
of existing waste materials from the road sector, 
such as Recycled Asphalt Pavement (RAP) material 
in the construction of SFP composite.  

It is important to note that reported research 
works on SFP have predominantly focused on en-

hancing the performance characteristics of SFP, such 
as deformation resistance, durability, and adaptabil-
ity for heavy-load applications (Li et al., 2022, Zhao 
and Yang, 2022, Ling, et al. 2022). While research 
works on such performance-based parameters are 
extremely important, improving the sustainability of 
such composite material based pavement material is 
equally important. Unfortunately, very few research-
ers have attempted to improve the sustainability of 
SFP composite. For example, Cai et al. (2023) inves-
tigated the potential application of cold mix asphalt-
based material for the porous asphalt part of SFP so 
that the heating requirement can be completely 
avoided and, hence, the sustainability part could be 
improved. However, to the best of the knowledge of 
the authors, none of the reported studies have ex-
plored the potential application of RAP material in 
developing SFP-based composite material. On the 
other hand, the use of RAP material in conventional 
asphalt mixture, cement concrete layer as well as in 
the aggregate layer of pavement structures has been 
explored extensively by several researchers over the 
last several years (Settari et al., 2015; Hong et al., 
2014; Ghabchi et al., 2016; Leng et al., 2018). 
Considering the motivation and research gap pre-
sented above, this research work aims to explore the 
suitability of RAP material in developing a porous 
asphalt skeleton of SFP composite. Along with the 
mix design of RAP-based porous asphalt structures, 
additional aspects such as formulating suitable ce-
mentitious grout material for subsequent grouting 
and the mechanical properties of the finally prepared 
SFP composite have been explored and discussed in 
this research work.  
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ABSTRACT: The purpose of this research is to investigate the feasibility of Recycled Asphalt Pavement 
(RAP) material in developing sustainable Semi-Flexible Pavement (SFP) composite material. While a lot of 
effort has been made in the last several years to explore the potential of RAP in bituminous and cement 
concrete pavement, such an attempt has not been made for emerging alternative pavement structure, such as 
SFP. SFP holds a unique ability to combine flexibility and rigidity which offers improved durability and 
performance. In this study, RAP material was integrated into the SFP mix to enhance sustainability while 
minimizing the dependance on virgin materials. Along with mix design part, different mechanical properties 
related to strength and durability of SFP composite were evaluated in the laboratory. Various RAP contents 
(0%, 25%, 50%, and 75% by weight) were assessed to understand their impact on performance. Results 
indicated that RAP significantly improved the sustainability component of the SFP while maintaining 
adequate mechanical performance. The findings demonstrate that this approach can potentially reduce the 
environmental footprint of road construction while providing a long-lasting pavement solution. 



2. MATERIALS  
The virgin asphalt binder (VG-30) utilized for 

this study was collected from IndianOil Total Pvt. 
Ltd. Recycled Asphalt Pavement (RAP) was ob-
tained from milling operations on the Kanpur-
Hamirpur highway, which is situated in the central 
part of India. The RAP material was initially pro-
cessed using the Los Angeles Abrasion machine to 
minimize agglomerates and sieved to obtain parti-
cles with a specific size range suitable for use in the 
targeted porous asphalt mixture skeleton for subse-
quent cementitious grouting. Virgin aggregates were 
sourced from the NHAI site near Unnao Kanpur, In-
dia. The grout material was designed in the laborato-
ry considering its flow and strength criteria to fill the 
voids in the porous asphalt concrete skeleton. The 
grout consisted of Ordinary Portland Cement (OPC), 
fine sand, silica fume, and fly ash to contribute to 
sustainability and carboxyl-based superplasticizers 
to achieve a flowable, high-strength material with 
enhanced durability. 

3. MIX DESIGN OF SFP COMPONENTS 
3.1. Mix Design of Porous Asphalt Mix Skeleton  
The porous asphalt mix skeleton was designed with 
the objective of achieving 30% air voids to facilitate 
grout infiltration. Aggregate gradation was selected 
based on trial runs, ensuring optimal air void content 
with standard compaction efforts (Fig.1). The plot 
clearly indicates that the selected aggregate falls un-
der uniform gradation category where the majority 
of the aggregate proportion is of similar size. The 
mix incorporated varying proportions of RAP: 0% 
RAP (control), 25% RAP, 50% RAP, and 75% RAP 
by weight of total aggregates. The binder content 
was optimized using the drain-down test as per 
ASTM D6390, ensuring that the drained binder con-
tent did not exceed the permissible limit of 0.30% by 
the total mix weight. Each mixture was compacted 
(only on one face using a Marshall compactor) and 
evaluated for air void connectivity through permea-
bility tests to ensure sufficient voids for grout infil-
tration. 

 
Fig.1: Selected aggregate gradation for porous asphalt mix 
skeleton  

3.2. Mix Design of Cementitious Grout 
The grout used in this study was designed to ensure 
adequate workability and strength for the final SFP 
composite. It was composed of Ordinary Portland 
Cement (OPC), fine sand, fly ash, silica fume, and a 
superplasticizer. The proportions of these compo-
nents were optimized based on workability and 
strength through a series of laboratory experiments. 
Table 1 provides a summary of different grout com-
binations. Grout flowability was evaluated using a 
flow cone test as per ASTM C939, with acceptable 
flow times ranging from 10 to 16 seconds. Compres-
sive strength was tested according to ASTM C109, 
targeting values more than 40 MPa, while flexural 
strength was measured per ASTM C348, ensuring a 
minimum value of 3 MPa. The material composition 
was thoughtfully varied to achieve flow and 
strength-based criteria, as highlighted above.  

Table 1: Grout combinations 

Grout 
Type W/C S/C FA/C SF/C SP 

A 0.35 0.2 0.1 0.025 0.01 
B 0.4 0.2 0.1 0.025 0.01 
C 0.45 0.2 0.1 0.025 0.01 
D 0.5 0.2 0.1 0.025 0.01 
E 0.4 0.2 0.1 0.025 0.5 
F 0.45 0.2 0.1 0.025 0.5 
G 0.35 0.2 0.2 0.025 0.01 
H 0.4 0.2 0.2 0.025 0.01 

 
4. PREPARATION OF SFP COMPOSITE 
Once the mix design of the porous asphalt skeleton 
(with different RAP compositions, as mentioned be-
fore) and cementitious grout were over, the next step 
was to prepare the SFP composite by grouting the 
porous asphalt mix. For this purpose, several com-
pacted porous asphalt skeletons were prepared using 
pre-identified binder content. Specially designed 
split moulds were fabricated for this research work. 
Subsequently, grouting was done with the selected 
grout composition. It was poured carefully into the 
pre-compacted porous asphalt skeleton. The whole 
setup was covered using a plastic sheet and was left 
undisturbed for 48 hours before de-moulding. The 
excess grout material on the top of the specimen was 
scrapped off using a sharp edge spatula after about 
6-8 hours of grouting. Upon de-moulding, samples 
were wrapped using a moist cotton cloth and kept 
under an airtight zip-log bag for curing. The humidi-
ty level was measured within the bag and was con-
sistently found to be in the range of 95-98% for all 
specimens during curing. The penetration of grout in 
the specimen till the bottom of the porous asphalt 
skeleton was not only ensured using visual observa-
tion but also through volumetric calculation on 



available air void in the porous skeleton and the vol-
ume of the penetrated grout material. Specimens 
were also cut across the depth as well as across c/s at 
different depths to visually observe and confirm the 
maximum degree of grouting to the porous asphalt 
skeleton.  
5. RESULTS AND DISCUSSION 
5.1. Effect of RAP on Optimum Binder Content 
Fig.2 shows the variation of optimal binder content 
for different porous asphalt mix skeletons (0%RAP 
to 75%RAP). It is evident from the plot that the ad-
ditional virgin binder content required to satisfy the 
drain down-based criteria (max. 0.3% by the wt. of 
the porous asphalt mix) decreased from 4.62% to 
3.67%. Such a response can be attributed to residual 
asphalt binder present in the RAP mix. Therefore, as 
the RAP content increased, the proportional re-
quirement of additional binder content decreased to 
satisfy the drain down-based requirement. The au-
thors also believe that the overall effective binder 
content (additional virgin binder plus residual binder 
in RAP) increased with the increase in RAP propor-
tion.    

 
Fig.2: Optimum binder content 

5.2. Influence of RAP on Compaction Effort 
The number of Marshall blows required to achieve 
target air void for different mix combinations is pre-
sented in Fig.3. It is interesting to observe that the 
compaction effort required to achieve target air void 
substantially decreased from 75 blows for the con-
trol mix to about 21 blows for mix containing 
75%RAP. Such a response could be believed due to 
a proportional increase in effective binder content in 
the RAP-based porous asphalt skeleton (i.e., the vir-
gin binder plus residual binder content in the RAP), 
as highlighted in the previous section. As a result, 
the degree of lubrication effect proportionally in-
creased with the increase in RAP proportion in the 
porous asphalt skeleton. This led to the need for 
proportionally lower compaction effort. Such a re-
sponse is also important to look at from a sustaina-
bility angle because the amount of energy required 
to achieve the required degree of compaction will be 
reduced and, hence, a complimentary change along 
with the utilization of RAP waste.   

 
Fig.3: Plot for optimal compaction effort 

5.3 Optimization of Grout Composition 
The details of each grout composition, A through H, 
are provided in Table 1. In order to achieve the de-
sired balance of flow time and compressive strength, 
different grout compositions were examined with 
adjustments in water-cement ratio, fly ash content, 
and a fixed sand cement ratio of 0.2. Flow time 
(with target value between 10 to 16 sec.) and com-
pressive strength (min. 40 MPa for 28 days cured 
specimen) were measured for each grout composi-
tion. As shown in Fig.4(a) and 4(b), grout type B 
achieved optimal performance, with a flow time of 
11 seconds and a compressive strength of 45 MPa. 
This balance indicates that grout type B provides 
both adequate workability and sufficient strength, 
making it suitable for semi-flexible pavement appli-
cations. 

 

 
Fig.4: (a) Flow time, (b) compressive strength 

Performance Evaluation of SFP Composite 
Role of RAP in changing the ITS strength: The Indi-
rect Tensile Strength (ITS) test was conducted to de-
termine the tensile strength characteristics of SFP 
composite specimens. Fig.5 shows the variation of 
ITS of various sample combinations considered in 
this research work. Results showed that ITS values 
increased as RAP content increased, with ITS value 
increasing from 1.48 MPa for the 0% RAP mix to 
1.691 MPa for the 75% RAP mix, indicating a mar-



ginal gain of approximately 12%. Such a response 
can be attributed to the relatively stiffer nature of 
RAP compared to the virgin mixture. Such a re-
sponse clearly indicates that while cement grout is 
primarily responsible for imparting strength, incor-
porating RAP into porous asphalt skeleton will not 
hamper the strength parameter of SFP composite. 
These experimental results also highlight that the 
strength of SFP-based composite is significantly 
higher than that of conventional asphalt mixtures.  

 
Fig.5: Indirect Tensile Strength and TSR value 

Role of RAP in changing the moisture damage resis-
tivity: The moisture damage resistivity of SFP com-
posite was evaluated using the conventionally uti-
lized ITS-based Tensile Strength Ratio (TSR) 
approach. The variation in TSR value is presented in 
Fig.5. The variation in TSR value reveals a slight 
decrease in TSR value as RAP content increased 
from 0.945 at 0% RAP to 0.886 at 75% RAP. It is 
important to note that the interface bond strength be-
tween the cementitious grout phase and the asphalt 
binder in the porous asphalt skeleton phase has an 
important role to play when it comes to the damage 
induced by such composite material in the presence 
of water. It is also reasonably known that the inter-
face bond strength decreases with the increase in the 
degree of ageing of asphalt binder. The above dis-
cussion provides one of the possible justifications 
for a slight decrease in TSR value with an increase 
in RAP content in the SFE composite. Nevertheless, 
it is also evident that despite this decrease, the TSR 
value remained above the commonly accepted 
threshold of 0.80, commonly accepted for adequate 
moisture resistance. Such a response clearly indi-
cates that the semi-flexible pavement mix retains 
sufficient tensile strength against moisture damage 
even at higher RAP contents. 
Role of RAP in changing the durability-based prop-
erty of SFP composite: The Cantabro abrasion loss 
test was conducted for this purpose. The experi-
mental results of the Cantabro loss test indicated a 
slight increase in material loss with higher RAP con-
tent. Specifically, material loss rose from 16.37% in 
specimens with 0% RAP to 19.68% in specimens 
with 75% RAP. This marginal increase in Cantabro 

loss indicates that although RAP content can slightly 
increase the abrasion susceptibility, the overall dura-
bility of the semi-flexible pavement will remain sat-
isfactory. The slightly higher material loss with in-
creased RAP may be attributed to the aged binder 
within RAP, which has a stiffer and potentially more 
brittle structure compared to the control SFP compo-
site.  
CONCLUSION  
This study explores the feasibility of incorporating 
high proportions of Recycled Asphalt Pavement 
(RAP) into Semi-Flexible Pavement (SFP) systems 
to achieve sustainable and efficient pavement solu-
tions. RAP inclusion significantly reduced the binder 
content and compaction efforts while preserving key 
mechanical properties. While higher RAP content 
introduced slight increases in abrasion susceptibility 
and lower Tensile Strength Ratio (TSR) under mois-
ture conditions, these values were found to be within 
acceptable limits, affirming RAP's viability in SFP 
applications. Therefore, this research provides an in-
itial indication for the utilization of RAP material in 
SFP systems.  
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1 INTRODUCTION 
 
Bitumen is the most common material used as a 
binding agent for flexible pavements. However, the 
rapid increase in the price of petroleum-based prod-
ucts along with their detrimental environmental im-
pact led the research community to examine other 
materials as potential construction materials, such as 
the bio-materials (Ingrassia et al., 2020; Jiménez del 
Barco Carrión et al., 2023; Xie et al., 2022). Since 
bio-materials exist in abundance there are many ad-
ditives that could be utilized as bio-modifiers. The 
origin, structure and processing method of the raw 
bio-materials will have a different impact on the 
subsequent bio-binder (Kalampokis et al., 2024a). 
Algae is a typical example of the above fact. On the 
one hand, algae powder has been found to improve 
the cohesion and consistency of bitumen by harden-
ing it (Kalampokis et al, 2024b). On the other hand, 
a thermochemically-produced, algae-derived bio-oil 
can improve the fatigue life of bitumen (Duan et al., 
2019). Other examples include materials from not 
only the marine world, but also the terrestrial, such 
as lignin, swine manure, date seed waste, rice husk, 
etc. (Zhang et al., 2019; Fini et al., 2011; Alattieh et 
al., 2020; Han et al., 2017). 

Certain researchers have employed different types 
of bio-oils as rejuvenators in order to partially re-
verse the ageing of bitumen and thus increase the 
RAP content of the subsequent asphalt mixture and 
improve its performance (Ding et al, 2021; Elkashef 

& Williams, 2017; Nogueira et al., 2019). These oils 
come from certain processes such as pyrolysis, hy-
drothermal liquefaction, acidulation, epoxidation etc. 
(Liu et al., 2020; Hosseinnezhad et al., 2020; Seidel 
& Haddock, 2014; Podolsky et al., 2020). 

The present study focuses on two specific liquid-
state bio-materials, namely corn oil and sunflower 
seed oil. The plant species where they originate from 
are widespread on a global scale and our knowledge 
about their properties is extensive. Consequently, 
they were selected to be investigated in regard to 
their characteristic, rheological and ageing proper-
ties as two potential bio-modifiers for the conven-
tional, petroleum-based bitumen. 

2 MATERIALS AND METHODS 
2.1 Materials 
A conventional, unmodified 35/50 penetration grade 
bitumen (noted as RB) was utilized as the reference 
bitumen and the virgin material for the production of 
the bio-modified blends. The two types of bio-
derived oil used in this study were corn oil and sun-
flower seed oil, noted as CO and SSO, respectively. 
Figure 1 shows that the corn oil has a yellow color, 
whereas the sunflower seed oil is colorless. The two 
types of oil were incorporated into bitumen in three 
different contents (1%, 3% and 5% by weight of bi-
tumen) using a high shear mixer of 2,500 rpm for 15 
minutes at 150°C. Therefore, a total of six bio-
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cracking by softening the bitumen and also reduce its ageing sensitivity.  



modified blends and a reference bitumen were ex-
amined. The temperature and time for the mixing of 
bitumen with the bio-derived oils were selected as 
mentioned above in order to avoid the excessive 
ageing of bitumen during the preparation stage by 
limiting the loss of its lightweight volatiles. The 
characteristic properties of the reference bitumen are 
displayed in Table 1. 
 

 
 
Figure 1. Corn oil (left) and sunflower seed oil (right). 

 
Table 1. Characteristic properties of the 35/50 reference bitu-
men. ______________________________________________ 
Property        Specification   Value ____________________________________________ 
Penetration (dmm)    EN 1426    36 
Softening Point (°C)    EN 1427    52.4 
Elastic Recovery (%)    EN 13398    5  
Cohesion Energy (J/cm2)  EN 13703    3.40 
Maximum Force (N)    EN 13703    51.6 
Dynamic Viscosity* (Pa.s)  EN 13302    0.20 _____________________________________________ 
*Measured at 150°C via Brookfield viscometer 

2.2 Methods 
The blends were examined in terms of characteristic 
properties via the Penetration (Pen), Softening Point 
(S.P.), Elastic Recovery (El. Rec), Dynamic Viscosi-
ty (n) and Storage Stability tests. Additionally, the 
rheological properties and the ageing susceptibility 
were assessed with the Dynamic Shear Rheometer. 
The above tests were conducted before and after a 
short-term ageing protocol, namely the Rolling Thin 
Film Oven Test (RTFOT) in accordance with EN 
12607-1. Based on the above test, the fatigue crack-
ing and rutting factors were calculated along with 
the high critical temperatures. Furthermore, two rhe-
ological ageing indexes were calculated based on the 
fatigue cracking (noted as FCF) and rutting factors 
(noted as RF). In particular, the ratio of the RTFOT-
aged over the unaged factor in each case was em-
ployed as a means of quantifying the ageing suscep-
tibility of bitumen. A lower ageing index suggests 
lower ageing sensitivity and thus better behavior 
during the oxidative ageing of bitumen. 

3 RESULTS AND DISCUSSION 
3.1 Characteristic Properties 
Tables 2-3 demonstrate the results of the characteris-
tic properties. According to the penetration, soften-
ing point and dynamic viscosity tests, the oils had a 
softening effect on bitumen. In particular, CO-3 and 
CO-5 caused a change of penetration grade category 
from 35/50 to 50/70 in accordance with EN 12591 
(54 and 62 pen, respectively). The ageing protocol 
resulted in bitumen hardening as demonstrated by 
the results of the RTFOT-aged samples. Further-
more, the bio-modifiers did not alter extensively the 
elastic recovery of bitumen. The ageing process 
caused a minor improvement of the above property. 
However, almost none of the blends exceeded the 
elastic recovery threshold of 10%. In terms of stor-
age stability, the blends could be characterized as 
stable since the softening point difference between 
the top and the bottom parts of the tube in all cases 
was less than or equal to 2°C. 
 
Table 2. Characteristic properties of the unaged blends. ______________________________________________ 
Property Pen  S.P.  El. Rec  ΔT  n* 
    (dmm) (°C)  (%)   (°C)  (Pa.s) ____________________________________________ 
35/50  36   52.4  5    -   0.200 
CO-1  45   51.4  7    1.0  0.200 
CO-3  54   48.8  5    1.2  0.200 
CO-5  62   48.2  5    1.8  0.175 
SSO-1  40   51.8  10    1.8  0.175 
SSO-3  43   49.4  10    1.8  0.175 
SSO-5  46   48.4  10    2.0  0.150 _____________________________________________ 
*Measured at 150°C via Brookfield viscometer 
 
Table 3. Characteristic properties of the RTFOT-aged blends. ______________________________________________ 
Property Pen  S.P.  El. Rec  n* 
    (dmm) (°C)  (%)   (Pa.s) ____________________________________________ 
35/50  11   55.8  9    0.300 
CO-1  17   53.6  10    0.275 
CO-3  20   52.4  6    0.250 
CO-5  26   52.0  6    0.225 
SSO-1  13   55.0  10    0.275 
SSO-3  15   54.6  10    0.250 
SSO-5  25   51.6  11    0.225 _____________________________________________ 
*Measured at 150°C via Brookfield viscometer 

3.2 Rheological Properties (DSR) 
Figure 2 depicts the results of the fatigue cracking 
factors (G*×sinδ) of the reference bitumen and the 
bio-modified blends at 20°C. In general, a lower fa-
tigue cracking factor is linked to superior fatigue 
cracking resistance. It becomes obvious that an in-
creasing content of bio-derived oil led to the reduc-
tion of the fatigue cracking factor regardless of the 
ageing state which means that both bio-modifiers 
upgraded the fatigue performance of bitumen by 
making the bitumen less brittle. Characteristically, 
the RTFOT-aged fatigue factors of RB, CO-5 and 
SSO-5 were 11,287, 3,085 and 3,108 kPa, respec-
tively. The enhancement of the fatigue performance 
was more prominent for contents above 1% of bio-
derived oil. Furthermore, the fatigue cracking factors 
of the RTFOT-aged samples were higher than their 



unaged counterparts which was expected as oxida-
tive ageing has a deteriorating impact on the fatigue 
cracking resistance of bitumen. 

 

 
 
Figure 2. Fatigue cracking factors of the unaged and RTFOT-
aged blends at 20°C. 

 
Figure 3 presents the rutting factors (G*/sinδ) of 

the reference bitumen and the bio-modified blends at 
70°C. A higher rutting factor translates into a higher 
rutting resistance. Although the bio-derived oils 
caused a decrease of the rutting factor and thus a re-
duced rutting resistance for both ageing states, the 
decline was insignificant for a content of 1% of bio-
modifier. Specifically, the rutting factors of the 
unaged RB, CO-1 and SSO-1 samples were 1.60, 
1.50 and 1.42 kPa, respectively. Furthermore, in all 
cases the rutting factor demonstrated an increment 
after the short-term ageing protocol due to the stiff-
ening effect of oxidation on bitumen (Hofko et al., 
2017; Pipintakos et al., 2022). 

 

 
 
Figure 3. Rutting factors of the unaged and RTFOT-aged 
blends at 70°C. 

 
Figure 4 portrays the high critical temperatures 

(Tchigh) of the reference bitumen and the bio-
modified blends. The high critical temperature is re-

lated to the behavior of bitumen in the high-
temperature domain and, more specifically, to the 
permanent deformation phenomena. A higher value 
for the critical temperature is associated with greater 
resistance against the aforementioned defects. Figure 
4 shows that an increasing bio-modifier content had 
a negative effect on the high critical temperature. In 
particular, the high critical temperatures of CO-5 
and SSO-5 reduced from 73°C (RB) down to 66°C 
before the ageing protocol. The decrease of the high 
critical temperatures was even more apparent for the 
RTFOT-aged samples. In particular, a drop of 10°C 
was manifested when 5% of corn oil or sunflower 
seed oil was mixed into the conventional bitumen 
which brought about a drop of the critical tempera-
ture from 72°C down to 62°C. These results align 
with the rutting factor results as the bio-derived oils 
had a softening effect on bitumen. However, the re-
duction of the high critical temperature was insignif-
icant when the bio-modifier content did not exceed 
1%. Therefore, a controlled dosage of bio-derived 
oil could limit the downgrade of the high tempera-
ture performance of bitumen. 

 

 
 
Figure 4. High critical temperatures of the unaged and RTFOT-
aged blends. 

 
3.3 Ageing Susceptibility 
Figure 5 demonstrates the ageing indexes based on 
the fatigue cracking and rutting factors. It becomes 
evident that both of the ageing indexes of the RB 
were reduced after the incorporation of corn oil and 
sunflower seed oil into it. The reduction was more 
prominent in the case of corn oil-modified blends. 
This finding highlights the possible utilization of 
bio-derived oils as potential rejuvenating agents or 
antioxidants in bitumen as they seem to retard its ox-
idative ageing mechanism from a rheological point 
of view. 
 



 
 
Figure 5. Ageing indexes based on rutting factors (70°C) and 
fatigue cracking factors (20°C). 

4 CONCLUSIONS 
 
1 Bio-derived oils had a softening effect on bitu-

men as demonstrated by the increased penetration 
and the reduced softening point and dynamic vis-
cosity values. 

2 The bio-modified blends did not present serious 
segregation phenomena when stored at elevated 
temperatures for extended periods of time. 

3 The fatigue behavior of bitumen was improved by 
the addition of corn oil and sunflower seed oil. 

4 The rutting and permanent deformation resistanc-
es of bitumen at elevated temperatures were 
downgraded extensively when exceeding a bio-
modifier content of 1%. 

5 Both types of oil improved the ageing susceptibil-
ity of bitumen as demonstrated by the reduced 
rheological ageing indexes. 

6 Corn oil and sunflower seed oil could potentially 
be used as rejuvenators or antioxidants thanks to 
their ability to slow down the oxidative ageing 
mechanism of bitumen from a rheological stand-
point. 
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1 INTRODUCTION 
 
The gradual changes occurring in the properties of 
asphalt binder and mixtures due to elevated tempera-
ture, UV radiation, or humidity is referred as aging. 
In general, the aging of binder starts at the mixing 
and paving stage due to volatilization of binder 
components, termed short-term aging (STA). This is 
followed by in-service oxidative aging of binder, 
known as long-term aging (LTA). With age, the 
binder becomes excessively stiff and brittle, increas-
ing the cracking susceptibility of the asphalt mix-
ture. This reduces the damage tolerance ability of 
binder leading to early distress formation in hot mix 
asphalt (HMA) pavement. Thus, necessitating the 
identification of effective age retarding methods. 
The incorporation of antioxidant (AO) additive in 
asphalt binder is one of the feasible alternatives to 
inhibit binder aging.  
Antioxidants are reducing agents that prevent the 
formation of oxidation propagating compounds (free 
radicals) in the autooxidation reaction. They func-
tion either as peroxide decomposers or free radical 
scavengers to abate the binder aging process. In gen-
eral, phenolic, amine, phosphate, and sulphide 
groups are major anti-aging agents. Several com-
mercially available AO additives widely used in 
polymer industries have been explored to abate the 
rate of binder aging (Verma and Saboo 2024). Nu-
merous studies at binder level have studied the effi-
cacy of AO additive in increasing the aging re-

sistance. The chemical and rheological evaluation of 
different AO modified binders reported decrement in 
the formation of carbonyl compounds and stiffness 
of aged asphalt binder, which is expected to improve 
the durability and service life of pavements. In order 
to translate the laboratory evaluation to the field it is 
imperative to explore the effect of AO at the asphalt 
mixture level. At present, limited studies have com-
prehended the performance characteristics of antiox-
idant modified asphalt mixtures. Therefore, the pre-
sent study aims to examine the change in stiffness, 
rutting, and fatigue characteristics of asphalt mixture 
with and without AO.   

2 MATERIALS  

2.1 Asphalt binder and aggregates   
In this study a viscosity graded (VG), VG-30 asphalt 
binder was selected as a base binder. The aggregates 
were obtained from a local quarry. The physical 
properties of procured binder and aggregates are 
presented in Table 1 and Table 2, respectively. The 
measured properties were observed to follow the de-
sired specification (IS:73 2013; MoRTH 2013). 
 
Table 1.  Physical properties of VG 30 

Tests Result Limit 

Penetration Test 46.34 45 (min) 

Laboratory evaluation of antioxidant modified asphalt mixture 

Muskan Verma  
Research Scholar, Department of Civil Engineering, Indian Institute of Technology Roorkee, Roorkee, 
INDIA- 24766, muskan_v@ce.iitr.ac.in 
 
Nikhil Saboo  
Associate Professor, Department of Civil Engineering, Indian Institute of Technology Roorkee, Roorkee, 
INDIA- 247667, nikhil.saboo@ce.iitr.ac.in 
 

ABSTRACT: Use of antioxidant is one of the effective alternatives to retard aging of binder, thereby enhanc-
ing the service life of asphalt pavements. Existing studies on the feasibility of antioxidants have demonstrated 
promising results at both macro and micro levels. Thus, to promote the wide application of antioxidant addi-
tives, it is imperative to evaluate the effect of modification at the mixture level. The present study focused on 
assessing the performance of a primary antioxidant (Irganox 1010) modified asphalt mixture. The critical 
characteristics, including stiffness, rutting, and fatigue were estimated by resilient modulus, wheel tracking, 
and indirect tensile cracking test (IDEAL-CT) tests. Laboratory findings revealed that addition of Irganox 
1010 lowered the rate of long-term binder hardening of asphalt mixture. The modification enhanced the fa-
tigue life of a control asphalt mixture by 10%, while ensuring satisfactory rutting resistance.  

mailto:nikhil.saboo@ce.iitr.ac.in


Softening point test (0C) 50.9 47 (min) 

Absolute viscosity (poises)     2899.3 2400 - 3600 

Absolute viscosity (poises) 
RTFO aged bitumen 

   10876.6 - 

Viscosity Ratio at 60 0C 3.75 4 (max) 

Ductility at 25 0C, cm RTFO 
aged sample 

> 100 40 (min) 

* min: minimum; max: maximum 
 
Table 2.  Physical properties of mineral aggregates 

Properties Value Limit 

Aggregate Impact Value, % 17.95 27 

Los Angeles Abrasion Val-
ue, % 

29.86 35 

Combined flakiness and 
elongation index, % 

21.97 35 

Water Absorption 0.27 < 2 % 
Specific gravity (CA) 2.64 - 
Specific gravity (FA) 2.54 - 

Specific gravity (Filler) 2.54 - 

2.2 Antioxidant additive 
A sterically hindered phenolic compound, Irganox 
1010 (pentaerythritol tetrakis 3-(3,5- di-tert-butyl 4-
hydroxyphenyl) propionate) was used for binder 
modification. It is a type of primary antioxidant that 
mitigates the chain reaction of aging by the free rad-
ical scavenging mechanism. It is widely applied to 
prevent degradation of polymer and rubber made 
materials. Table 3 presents the general properties of 
the Irganox 1010 additive used in present work.  
 
Table 3.  Properties of Irganox (1010) additive 
Melting point 110 – 125 °C 

 

Appearance White powder form 
Purity 99 % 

Specific gravity 
(g/mm, 20 0C) 

1.116 

3 SAMPLE PREPARATION  

At first, the base binder was modified with 0.4% (by 
weight of binder) of Iragnox (1010). The following 
dosage was considered based on the literature re-

view. The existing studies have suggested that the 
dosage >1% softens the binder. Varying the dosage 
between 0.4% to 0.6% was observed to achieve op-
timum binder performance results (Apeagyei 2011). 
Therefore, the modified binder was prepared by 
blending the additive in the preheated binder at 125 
°C for 30 minutes using a high-shear mixer at 1000 
rpm speed.   
Further, the asphalt mixtures were prepared with de-
sired gradation of bituminous concrete (BC-1), as 
shown in Figure 1. BC-1 grading is employed as a 
wearing course in Indian highways. It is the most 
susceptible layer to get damaged due to aging. The 
Marshall mix design was carried out as per MS-2 
(Asphalt Institute 2009) to determine the optimum 
binder content (OBC) of the mixtures. The OBC cor-
responding to 4% target air voids was found to be 
5.21% (by weight of the mix). To assess the effect of 
antioxidant modification, both the modified (I(0.4)) 
and control mixtures (VG 30) were prepared at the 
same OBC. Subsequently, to simulate the STA and 
LTA aging state, the mixtures were laboratory con-
ditioned following AASHTO R30 (AASHTO 2015).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Selected aggregate gradation BC-1 

4 METHODOLOGY 

Laboratory experiments were conducted to estimate 
the effect of AO modification on the performance of 
HMA mixes. Figure 2 shows the comprehensive ex-
perimental program followed to address the objec-
tive of the study.  
 
 
 
 
 



Figure 2. Methodology flow chart 

4.1 Resilient modulus 
Resilient modulus (Mr) is a parameter used to deter-
mine the stiffness characteristics of an asphalt mix-
ture. To evaluate the effect of aging, the asphalt mix-
tures were tested at each aging condition. The 
repeated-load indirect tension test as per ASTM 
D4123 (ASTM 1995) was employed to evaluate Mr 
at 35°C. The cylindrical specimen was subjected to a 
haversine compressive loading for 0.1 seconds fol-
lowed by a rest period of 0.9 seconds. The resulting 
recoverable horizontal deformation at the diamet-
rical plane of the specimen was measured using two 
linear variable displacement transducers (LVDT’s). 
Two replicates of each sample were tested to ensure 
repeatability.  

4.2 Rutting resistance 
Wheel tracking test was adopted to evaluate the rut-
ting susceptibility of the asphalt mixtures (as per 
BSI EN 12697-35 (BS 2020). The test setup consists 
of a steel wheel and a modified Marshall sample of 
150 mm diameter and 50 mm height, prepared at 7 

 0.5% air void. A vertical load of 700 10N was 
applied by a lever arm mechanism. The accumulated 
deformations at five different locations were record-
ed up to the limiting criteria of 12 mm total rut depth 
or 20,000 load passes is completed. The perfor-
mance was measured for STA conditioned asphalt 
mixture at 60 °C, to simulate the maximum in-
service pavement temperature.  

4.3 Fatigue resistance 
The indirect tensile cracking test (IDEAL-CT) is a 
simple test used to estimate the cracking resistance 
of asphalt mixture. The test was performed at an in-

termediate temperature of 25°C asper ASTM D8225 
(ASTM 2019). The cylindrical Marshall specimen 
was prepared at 7% air void and long-term aged to 
surrogate the in-field pavement conditions. A verti-
cal load was applied on the diametrical axis at a con-
stant deformation rate of 50 ± 2 mm/min and a load 
versus displacement curve was plotted. The l75/m75 

(mm/kN) ratio was used to indicate the flexibility of 
asphalt mixture. It is found sensitive to field aging 
and thus considered a desirable parameter to simu-
late the field cracking performance of asphalt mix-
ture (Leavitt et al. 2024). In general, with increasing 
aging severity the flexibility parameter, l75/m75 ratio 
decreases. The l75/m75 (mm2/kN) ratio is calculated 
from the post-peak analysis of the load-displacement 
curve. Wherein, l75 presents the displacement corre-
sponding to 75% of peak load (mm) and m75 is the 
absolute value of the slope (N/m) 

5. RESULTS AND DISCUSSION 

5.1 Resilient modulus  
The resilient modulus result describes the stiffness 
of asphalt mixtures under repeated load application. 
The Mr value of asphalt mixture increased with ag-
ing severity, as shown in Figure 3. At STA level, a 
slight increase of 2% in the stiffness was observed 
for I (0.4) mixes. Whereas, for LTA conditioned 
samples, the stiffness of modified mixture was de-
creased by 15%. The rate of stiffness increment from 
STA to LTA condition was 8% for AO modified 
mix and 30 % for the base binder, indicating im-
provement in aging resistance after modification. 
This could be attributed to the peptizing action of Ir-
ganox 1010 additive which inhibits the gelatiniza-
tion of aged asphalt binder. It can therefore be con-
cluded that the incorporation of antioxidant additive 
lowered the rate of aging, without affecting the stiff-
ness at the initial STA level. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Resilient modulus results 

https://www.sciencedirect.com/topics/engineering/linear-variable-displacement-transducer


5.2 Rutting 
Rutting is a high temperature distress primarily ob-
served in the early life of pavement. Therefore, it is 
imperative to evaluate the effect of AO modification 
on the rutting performance of asphalt mixture. Fig-
ure 4 shows the variation of rut depth with number 
of load passes. At the end of 20000 passes, the aver-
age total accumulated rut depth was recorded as 5.33 
mm and 4.87 mm for VG 30 and I (0.4) asphalt mix-
tures, respectively. Thus, implying that rutting per-
formance was not compromised due to antioxidant 
modification.  

 

Figure 4. Rutting test results 
 

5.3 Fatigue 
 

Antioxidant additives inhibit aging of asphalt binder 
and are thereby expected to improve the cracking re-
sistance of asphalt mixtures. Figure 5 presents the 
load-displacement curve of both VG 30 and I (0.4) 
asphalt mixes. As can be seen, compared to the con-
trol mix, a 10% increase in l75/m75 parameter was 
observed after modification. This signifies that anti-
oxidant modification elevates the flexibility and the 
fatigue performance of asphalt mixtures.  
 
 
 
  
 
 
 
 
 
 
 
 
 

 
 

Figure 5. IDEAL-CT results 
 

5 CONCLUSION 

In summary, the results revealed that the incorpora-
tion of Irganox 1010 additive improved the long-
term performance of asphalt mixes without negative-
ly affecting its rutting performance. Based on the re-
sults, the following conclusions were drawn: 
 
• In terms of stiffness, the addition of Irganox 1010 

decreased the long-term stiffness of the control 
asphalt mixture by 15%.  

• The stiffness increment due to aging was found to 
be 30% and 8% before and after AO modifica-
tion, respectively. This implies lower binder 
hardening and better aging resistance. 

• The rutting resistance of AO modified mixture 
was found comparable to the control mix.  

• Compared to control mix, the l75/m75 ratio was ob-
served to increase by 10% after modification, ex-
hibiting better fatigue performance.   
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1 INTRODUCTION  

Cracking is one of the most predominant distresses 
in asphalt pavement, which is accelerated by the ox-
idative aging of asphalt binder. It is widely recog-
nized that long-term oxidative aging is detrimental 
to the service life of asphalt pavement, as it induces 
significant chemical transformations in the binder, 
including the polymerization and oxidation of its 
molecular structure, resulting in increased stiffness 
and brittleness. This stiffening compromises the 
binder's ability to relax stresses and accommodate 
deformations, thereby exacerbating the susceptibility 
of the pavement to cracking under thermal and me-
chanical loads. Consequently, maintaining adequate 
viscoelasticity and ductility in asphalt binders after 
long-term aging is essential for mitigating premature 
load-related and thermal cracking. 

Since the introduction of the aging protocols and 
Performance Grading (PG) system by the Strategic 
Highway Research Program (SHRP), low-
temperature PG grade has been used as a reliable 
predictor of thermal cracking performance of asphalt 
binders. Recognizing that regions with diverse cli-
matic conditions and traffic loads require tailored 
PG specifications to ensure optimal pavement per-
formance, asphalt binder producers have increasing-
ly turned to modifiers and additives to achieve the 
desired low-temperature PG grade. Concurrently, the 
growing emphasis on sustainability and recyclability 
in pavement engineering has driven the widespread 
adoption of bio-based modifiers. 

Bio-based softeners, or bio-additives, are addi-
tives derived from natural oils or synthesized from 
renewable resources and have been widely marketed 
and used to adjust and optimize the PG grades of as-
phalt binders. They can also be used as rejuvenators 
adding in Reclaimed Asphalt Pavement (RAP) and 
Recycled Asphalt Shingle (RAS) to soften the se-
verely aged binders and restore the PG grades. Re-
gardless of the mode of application, the main func-
tion of softeners is to improve the rheological and 
engineering properties of asphalt binder after long-
term aging. In response to the growing demand for 
sustainable and recyclable materials in the pavement 
industry, bio-based softeners have increasingly been 
adopted for asphalt modification and rejuvenation.  

Existing studies on bio-based softeners have pri-
marily focused on individual softener types, lacking 
a comprehensive comparison across different soften-
er types and dosages. Additionally, the influence of 
bio-based softeners on the intermediate-temperature 
cracking performance of asphalt binders remains un-
clear, largely constrained by the absence of a stand-
ardized and reliable fatigue cracking test for asphalt 
binders. Current fatigue cracking evaluation meth-
ods predominantly rely on rheological approaches, 
such as fatigue factors or the Glover-Rowe parame-
ter (GRP) within the linear viscoelastic range, or 
shear strain fatigue tests like the Linear Amplitude 
Sweep (LAS). However, these methods have notable 
limitations: fatigue factors often fail to correlate with 
field cracking performance (Zhou, Karki and Im, 
2017), GRP shows varying results with modified 
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binders (Glover et al., 2005), and LAS-derived fa-
tigue life can exhibit poor sensitivity to aging while 
being prone to edge flow issues (Gulzar et al., 
2024). Furthermore, fatigue cracking in asphalt 
pavements, typically driven by tensile loading, can-
not be accurately captured in traditional DSR tests. 
  This study aims to characterize and understand the 
effects of bio-based softeners on the cracking per-
formance of asphalt binders under long-term aging 
conditions. To achieve this, four bio-based softeners 
of varying origins were evaluated for their type- and 
dosage-dependent effects on asphalt binders. Aging 
durations from RTFO to PAV60 were used to simu-
late long-term oxidative aging, and the thin film di-
rect tensile test, poker-chip test, was employed to as-
sess cracking performance, providing a more 
representative evaluation of asphalt binder behavior 
under tensile loading conditions. 

 
2 MATERIAL AND METHODS 

2.1 Raw Materials  
In this study, the unmodified asphalt binder with 
known performance grading, PG 67-22, was selected 
as the base binder. To fabricate the bio-based soften-
er modified binders, four additives, including three 
commercially available bio-based softeners with di-
verse sources and compositions, as well as one pe-
troleum-based softener, were employed. These addi-
tives, designated as S1 through S4, include various 
types of bio-based products, except for S1 which 
was a petroleum based product included as a refer-
ence. 

2.2 Blending and aging procedures  
Two blending strategies were employed to evaluate 
the long-term cracking and oxidation resistance of 
bio-based softeners. In the first strategy, the effect of 
different bio-based softeners was examined by mod-
ifying PG 67-22 with four softeners at similar dos-
age levels to achieve a target grade of PG 58-28. The 
second strategy investigated the influence of bio-
based softeners dosage, where PG 67-22 was modi-
fied with S3 at four dosage levels (1%, 2%, 4%, and 
6% by weight of binder). The details of all the bind-
ers, along with the corresponding nomenclature used 
in this study, are presented in Table 1. It is important 
to note that PG 58-28 S3 and PG 67-22 S3 4% refer 
to the same binder. Consequently, a total of eight 
binders were prepared for the following aging. 
  
Table 1. Details of binders used in the study. 

Name Group 
Nomencla-

ture 

PG 67-22 Ⅰ, Ⅱ B1 

PG 58-28 S1 Ⅰ B1-1 

PG 58-28 S2 Ⅰ B1-2 

PG 58-28 S3 Ⅰ B1-3 

PG 58-28 S4 Ⅰ B1-4 

PG 67-22 S3 1% Ⅲ B1-1% 

PG 67-22 S3 2% Ⅲ B1-2% 

PG 67-22 S3 4% Ⅲ B1-4% 

PG 67-22 S3 6% Ⅲ B1-6% 

Following blending, the binders were short-
term aged using the rolling thin-film oven (RTFO) 
aging procedure at 163 ℃ for 85 min as per ASTM 
D2872. Subsequently, the pressure aging vessel 
(PAV) aging procedure at 100 ℃ for 20 h, 40 h, and 
60 h, were used to simulate the long-term aging of 
asphalt binders, as per ASTM D652. 

2.3 Experimental methods  
The poker-chip test method (Filonzi et al., 2022) 
consists of a two-part specimen mold and a simple 
loading frame, as shown in Figure 1. 

 
Fig. 1. Poker-chip mold (left) and simple loading frame 

(right)  
A sample (4.5 ± 0.05 g) of the binder is poured 

into the bottom part of the mold that is preheated to 
approximately 165°C. Three dowel pins (1.589 ± 
0.005 mm thick and 3.176 ± 0.25 mm long) are 
dropped in the binder to control the thickness of the 
specimen. The top of the mold (also preheated to 
165°C) is then placed face down over the film of the 
asphalt binder. The top and bottom plates are aligned 
using three rods. The test specimens are allowed to 
cool to the test temperature, 25°C. 

The poker-chip test is load-controlled and is 
performed by applying a constant loading rate of 2 
N/s on a specimen that is 50.84 mm in diameter. 
This constant rate of load is applied after preloading 
the sample to 40 N. The test can be conducted using 
any feedback-controlled load frame that is capable 



of applying a constant rate of load up to 3 kN and a 
motor that can displace at a rate of at least 160 
mm/min. The load was applied until failure, and the 
load and displacement were recorded. The results 
from the test include: i) tensile strength of the bind-
er, and ii) elongation or percentage strain of the 
binder when it reached 80% of post peak stress. In 
the context of this test and study, the second parame-
ter is also referred to as ductility, which is used as 
the cracking parameter. 
 
 
3 RESULTS AND DISCUSSIONS 

The poker-chip test, a direct evaluation of binder 
cracking behavior, provides a ductility metric close-
ly linked to field-scale pavement performance. A 
poker-chip ductility of 150% is regarded as the 
cracking threshold, with values above this bench-
mark signifying superior fatigue and thermal crack-
ing resistance. In this section, poker-chip ductility 
was employed as the cracking index to evaluate the 
long-term cracking resistance of asphalt binders 
modified with bio-based softeners under two distinct 
mixing strategies 

3.1 Effect of different bio-based softeners on poker-
chip ductility 

Fig. 2 illustrates the effect of different bio-based sof-
teners on the long-term cracking performance of the 
non-modified base binder, B1. As shown, the poker-
chip ductility of B1 decreases significantly with in-
creasing aging duration, particularly from RTFO to 
PAV20, where a reduction of approximately 50% is 
observed, falling below the critical cracking thresh-
old of 150%. This indicates that PAV20 already 
causes substantial loss of ductility and cracking re-
sistance in the non-modified base binder. However, 
the addition of bio-based softeners substantially im-
proves the ductility of the binder in two key aspects: 

(1) Enhance the poker-chip ductility after long-term 
aging. While the ductility of modified binders re-
mains similar to that of the base binder under RTFO 
aging, all bio-based softeners exhibit significant im-
provement effects under PAV20, PAV40, and 
PAV60 conditions, with nearly double the ductility 
observed compared to the base binder. Notably, all 
modified binders maintain ductility above the 150% 
threshold at PAV40, and B1-2 even retains this 
characteristic under PAV60. (2) Mitigation of early 
ductility loss. From RTFO to PAV20, bio-based sof-
teners effectively prevent rapid ductility reduction. 
Several binders, such as B1-2, B1-4, and B1-5, 
maintain ductility levels at PAV20 comparable to or 
even higher than those observed under RTFO aging. 
These findings demonstrate that bio-based softeners, 
regardless of their source, significantly enhance the 
cracking resistance of asphalt binders. They effec-
tively mitigate ductility loss under long-term aging, 
ensuring superior resistance to cracking even under 
extended aging conditions 

3.2 Effect of bio-based softener dosages on poker-
chip ductility 

Fig. 3 illustrates the impact of bio-based softener 
dosage on poker-chip ductility. Generally, higher 
dosages result in greater ductility, particularly under 
long-term aging conditions. Under RTFO, the non-
modified base binder (B1) exhibits minimal sensitiv-
ity to softener dosage, with a slight decrease in duc-
tility at higher dosages. However, under long-term 
aging conditions, ductility is highly responsive to in-
creased softener dosage. Even at a low dosage of 
1%, the softener nearly doubles the ductility of B1 
under PAV60. At higher dosages (B1-6%), the duc-
tility of binders under PAV40 surpasses that of the 
base binder under PAV60, with PAV40 ductility 
reaching 164.6%, exceeding the critical cracking 
threshold of 150%. These results demonstrate the 
sensitivity of asphalt cracking performance to bio-



based softener dosage, with higher dosages leading 
to significantly improved long-term cracking re-
sistance 
 
4 CONCLUSIONS 

The poker-chip test demonstrates the effectiveness 
of bio-based softeners in improving the long-term 
cracking resistance of asphalt binders. They mitigate 
ductility loss during the transition from short-term to 
long-term aging and significantly enhance ductility 
under extended aging conditions. Moreover, the 
poker-chip ductility is highly sensitive to bio-based 
softeners dosage, with even small amounts signifi-
cantly enhancing long-term cracking performance. 
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1 INTRODUCTION 
Bitumen-bound granular layers exist in the vast ma-
jority of pavement infrastructures (Asphalt Institute 
2019). From an environmental perspective, when the 
whole life cycle is taken into consideration, it is es-
timated that 65 kg of CO2eq are emitted for every 
ton of such layers (EAPA 2024). This emission is 
mostly linked to the process of heating and drying 
aggregates and the environmental costs of producing 
bitumen.  

The annual production of bitumen-bound materi-
als in Europe is of the order of 300 million tons 
(EAPA 2022), which translates into almost 20 mil-
lion tons of CO2eq per year. When extrapolated to a 
world scale, the estimated annual production of bi-
tumen-bound granular materials is 1600 million tons 
with CO2eq emissions of the order of 100 million 
tons per year, i.e., about 0.25% of the entire world’s 
annual CO2eq emissions. 

This work is motivated by the desire to reduce the 
environmental footprint of bitumen-bound granular 
materials for pavements. A radically new binder cat-
egory is explored in this context; one that does not 
require aggregate heating and drying, and can poten-
tially serve as a bitumen alternative: mycelium of 
fungi. 

Mycelium is part of a living organism composed 
of hyphae which has a three-dimensional topology 
of branching and interwoven thread-like filaments – 
each a few micrometers in thickness (Amobonye et 
al. 2023). Hyphae growth is achieved through me-
tabolizing (i.e., digesting and consuming) biomass 

substrate which can be animal-based, organic waste, 
or plant-based (like wood dust, straw, or hay). 

When aggregates are mixed with a substrate that 
is inoculated by fungal mycelium, hyphae growth 
takes place in the substrate itself; the hyphae also 
explore available void space. They end up closely 
enveloping the aggregates and constraining their 
ability to translate and rotate – producing a binding 
effect at the bulk scale. The growth process of myce-
lium can take place in the temperature range of 0 ℃ 
to 55 ℃ under moist conditions; thus, there is no re-
quirement for a priori heating or drying of the ag-
gregates; the ideal temperature range is about 20 ℃ 
to 30 ℃ (Maheshwari et al. 2000, Robinson 2001, 
Bueno & Silva 2014, Money 2024). 

The objective of this work is to present results 
from a preliminary laboratory investigation of fun-
gal-bound aggregates to provide intuition on the 
mechanism by which mycelium bounds aggregates. 
The investigation tools were X-ray Computed To-
mography (CT) and optical microscopy. 

2 TEST ON FUNGAL-BOUND 
AGGREGATES 

2.1 Specimen preparation 
One fungal-bound granular specimen was consid-
ered for this study with a total mass of 3 kg. It was 
prepared by mixing aggregates with a mycelium-
inoculated plant-based substrate. The aggregates 
were a blend of four different sources: granite, silt-
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ABSTRACT: This work was motivated by the desire to reduce the environmental footprint of asphalt pave-
ments. A radically new binder category was explored in this context; one that is not bitumen-based and does 
not require aggregate heating and drying: mycelium of fungi. A specimen was prepared in the laboratory by 
mixing, at room temperature, aggregates with inoculated plant-based substrate. For a period of several weeks, 
as the mycelium metabolized the substrate, the specimen was imaged with X-ray computed tomography; also, 
the end-result was examined with optical microscopy. It is shown that mycelium permeated the substrate and 
grew around aggregates – tightly enveloping them – producing a binding effect at the bulk scale. It is con-
cluded that the idea is viable and worthy of further investigation. 



stone, limestone, and quartzite. In terms of particle 
size distribution, all passed the 11.2 mm sieve and 
all were retained on the 5.6 mm sieve.  

The inoculated substrate, named visiBIT, was 
produced by Visibuilt – a Danish startup company 
focusing on green solutions for the pavement indus-
try. By weight percent, the final mix consisted of 
85% aggregates, 10% visiBIT, and 5% water. The 
three ingredients were mixed at room temperature 
and placed without compaction in a clear plastic 
container for subsequent observation and testing. 
The container dimensions were 180 mm×180 
mm×100 mm; it was placed uncovered inside a large 
clear polyethylene bag to prevent moisture loss.  

Figure 1(a) shows the specimen ingredients before 
mixing, Figure 1(b) shows the specimen inside the 
plastic container immediately after mixing, and Fig-
ure 1(c) presents a saw-cut cross-sectional view of 
the mature specimen at an age of 50 days. 

2.2 CT scanning of the specimen with evolving 
mycelium 

After preparation, the specimen was imaged by a se-
quential CT scanner (Siemens Somatom Plus 4). In 
this CT device, the scan table moves stepwise to a 
desired scan location followed by the X-ray tube 
(voltage 120 kV, current 170 mA) rotating and ac-
quiring a cross-section (slice). The specimen was 
placed on the scan table and remained there un-
touched for the entire duration of the scanning. Over 
a two-week period, 20 cross-section slices were 
scanned daily or every other day at 2 mm intervals, 
targeting the same portion close to the center of the 
plastic container. Each CT image contained a 
512×512 matrix of square-shaped pixels with a side 
of 0.43 mm. A measure of the substance density in 
each pixel is a Hounsfield value, in the range of -
1024 (air) up to +3071, where water is associated 
with a Hounsfield value of zero (Denotter & 
Schubert 2023). 

Figure 2(a) shows part of a CT image 426×272 
pixels in size. It was obtained by trimming the outer 
regions that did not include the specimen. This im-
age was taken on Day 1, 12 h after the specimen was 
mixed, i.e., corresponding to a cross section in Fig-
ure 1(b). In this picture pure black represents Houns-
field of -1024 (i.e., air) and pure white corresponds 
to +3071. The aggregates can clearly be distin-
guished, characterized by pixel values exceeding 
+1000 whereas the substrate has pixel values be-
tween -900 to -100.  

Figure 2(b) shows two pixel value histograms, 
one corresponding to Day 1 (blue bars) and another 
to Day 14 (orange bars). Both were calculated over 
three CT slices inside a frame with dimensions 
360×180 pixels – refer to the red rectangular frame 
in Figure 2(a).  

 
Figure 1. Pictures of a fungal-bound granular specimen: (a) ag-
gregates and inoculated substrate (visiBIT) before mixing; (b) 
the specimen immediately after mixing; and (c) a saw-cut 
cross-sectional view at the age of 50 days. 

 
As can be seen, the histograms do not display 

large differences between days with only minute 
changes in the proportion of pixel values. The slight 
drop in the -100 and +100 range may be attributed to 
water consumption and migration during hyphae 
growth. This is mainly compensated by an increase 
in the pixel value range over +1000 (especially 
around +2000), which constitutes the largest portion 
of the aggregates. Hyphae growth around the surfac-
es of aggregates (see also Subsection 2.3) could not 



be observed in the images due to resolution limita-
tions. The current CT scanner could not fully resolve 
layers that are several micrometers in thickness. This 
may explain the slight increase in pixel value pro-
portions associated with aggregates. Mycelium, with 
its main compositions of chitin, glucans, and pro-
teins (Mohseni et al. 2023), has similar compositions 
as the substrate. Therefore, the proportions for CT 
values between -900 and -100 stay largely un-
changed. 

 
Figure 2. The results from CT scanning. (a) partial CT images 
taken on Day 1 as well as the calculating region enclosed by a 
red frame; (b) the proportion of pixels in certain CT value 
range on Day 1 and Day 14. 

2.3 Optical microscopy of the specimen with 
mature mycelium 

After 42 days the specimen was removed from the 
plastic container for further investigation. Small 
pieces of the specimen edges were manually sam-
pled for a closer inspection in an optical stereo mi-
croscope (Nikon SMZ25). Three of the acquired im-
ages are presented in Figure 3; each contains a line 
scale (red color) indicating 1 mm. A view of dense 
mycelium with partially consumed substrate is 
shown in Figure 3(a). The mycelium looks like a 
white matrix of fibers while the substrate appears as 
a yellowish elongated particles.  

 
Figure 3. Magnified images of a mature fungal-bound granular 
material: (a) dense mycelium and substrate (not fully metabo-
lized); (b) aggregate partially covered by dense mycelium; (c) 
aggregate wrapped by sparse mycelium. 

 
Figure 3(b) offers a close view of an aggregate 

(brown-yellow color) that is partially covered by 
mycelium. Lastly, Figure 3(c) shows sparse myceli-
um, i.e., several hyphae, covering a pink-white col-
ored aggregate. Hypha thicknesses were measured at 
three different locations, and were found to range 
from 4.8 μm to 8.3 μm.  



3 CONCLUSION 

A radically new binder category for granular pave-
ment layers was explored in this study: mycelium of 
fungi. One fungal-bound granular specimen was 
prepared in the laboratory, CT scanned for 14 days 
during hyphae growth and inspected in an optical 
stereo microscope at the age of 42 days.  

The CT scans revealed that the proportions of pix-
el values did not change much while the mycelium 
was developing inside the sealed specimen. This in-
dicates no obvious change in average (bulk) density. 
From the microscopy inspection it was found that 
mycelium develops around aggregates, demonstrat-
ing the mechanism by which binding effect at the 
bulk scale is produced. It was also noticed that hy-
phae grow into a range of densities, from sparse to 
dense, and that the substrate may not be fully me-
tabolized even after 42 days.  

Overall, the idea of fungal-bound granular materi-
als appears promising and worthy of further investi-
gation. Future research will focus on improving the 
recipe of the mycelium-based binder to achieve a 
more uniform outcome, and quantifying the binding 
effect mechanistically under different temperature 
and moisture conditions. 
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1 INTRODUCTION 

Waste rubbers as a vulcanized rubber are recycled 
by chemical methods to remove sulfur, which would 
also consume much energy(Zhong et al., 2024). In 
addition, they can be used as modifiers in pavement 
materials, while the applied amount is still limited. 
Now, part of aggregates is replaced with waste rub-
bers to form a functional pavement, which is regard-
ed as the porous elastic road surface (PERS). Com-
posed of polyurethane (PU) adhesive and open-
graded aggregates, PERS exhibits superior sound 
absorption and vibration reduction ability(Cong et 
al., 2019, Wang et al., 2017). Besides, the impres-
sive adhesion of PU at normal temperatures creates 
favourable conditions for constructing PERS at 
room temperatures, which consumes less energy 
compared to asphalt during the construction process. 

However, the PU adhesive and waste rubbers as 
crosslinking polymers are prone to be attacked by 
light, heat, and oxygen during using life, resulting in 
the deterioration of noise reduction ability, the ap-
pearance of cracks, and the shortened use-life for the 
PERS mixture(Tan et al., 2022). Especially in the 
case of waste rubbers recycled from tires, the dam-
age from stress, friction, and impact can affect their 
elastic properties (Li et al., 2021) . Additionally, the 
rubber crosslinking network formed by sulphur is al-
so subject to change(Wright et al., 2019). It is re-
ported that the mechanical properties of tires, includ-
ing elastic modulus, elongation at break, and 
hardness, experienced a significant decline due to 

the aging of rubber after driving a distance of 
100,000 km(Salvi et al., 2023). After being intro-
duced into PERS mixtures, the aged chains of waste 
rubbers would be rapidly destroyed by heat, oxygen, 
and light, contributing to road performance deterio-
ration(Sandberg and Goubert, 2011). This is particu-
larly evident in thermal-oxidative aging, where the 
high temperature generated by friction between the 
road and vehicles exacerbate the degradation pro-
cess(Zhong et al., 2023). However, the aging influ-
ence of waste rubbers on the change in road perfor-
mance of PERS has not been thoroughly studied, 
which limits its long-term application. Hence, ex-
ploring the thermal-oxidative aging performance of 
waste rubbers is essential to the long-life application 
of PERS. Furthermore, waste rubbers cannot be re-
processed to accurately evaluate their mechanical 
properties because of sulfurized structures, which 
poses a significant challenge in studying the effect 
of thermal-oxidative aging on the road performance 
of PERS mixtures. 

2 METHODOLOGY 

2.1 Raw materials 
The single-component PU with a long curing time 
was selected from Wanhua Chemical Co., Ltd. to 
serve as the binder for the PERS mixture. Waste 
rubbers, sourced from Xinchen Chemical Co., Ltd. 
in China, were selected as natural rubbers for this 
study. The metals, fibres, and other additives in the 
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dicating. Additionally, the sound absorption ability of the PERS mixture initially increased but then decreased 
with aging time, ultimately falling below that of the unaged samples. It is hoped that this work can provide a 
new theory for long-life applications of waste rubbers in functional pavement. 



waste rubbers were removed, and the materials were 
then crushed into particles measuring 1.18 mm and 
2.36 mm. The technical indexes of rubber particles 
are shown in Table 1. 

Table 1.  Technical indexes of rubber particles 
Index Unit Test value 

Relative density / 1.14 
Moisture content % 0.2 

Metal content % 0.5 
Slender and flat particles content % 4.1  

2.2 Specimen preparation 

In this study, the rubber particles were aged at 
100°C for varying times (0, 7, 14, 21, 28, and 35 
days). Subsequently, a specific amount of aggregate, 
mineral filler, and unaged/aged rubber particles were 
prepared according to the selected gradation, and 
then heated in an oven at 100°C for 2 h until cooled 
to room temperature, and then they were mixed at 
room temperature. The mixture was then cured at 
30°C and 80% humidity for 1 h, which were pre-
pared by the standard Marshall specimens (Φ101.6 
mm × 63.5 mm) according to the procedures out-
lined in Chinese standard JTG E20-2011. The spec-
imens were kept at room temperature for three days. 
Some of the standard Marshall specimens were 
drilled using a drilling machine with a diameter of 
100 mm and 30 mm, and then the height of speci-
mens was cut into 20 mm for the acoustic perfor-
mance test. 
Besides, rutting test specimens (300 mm × 300 mm 
× 50 mm) were formed by rolling the mixtures in 
molds, the low-temperature bending test which spec-
imens were also demolded by the same molds and 
subsequently cut into beams with a size of 30 mm × 
35 mm × 250 mm.  

3 RESULTS AND DISSCUSSIONS 

3.1 Road performance  
The results of the rutting test are illustrated in Fig-
ure. 1a. It can be observed that the dynamic stability 
of the PERS mixture with unaged waste rubbers was 
21,724 times/mm. This high dynamic stability could 
be attributed to the exceptional elasticity of waste 
rubbers, which enabled rapid recovery after defor-
mation. Consequently, this imparted the mixture 
with excellent elasticity and enhanced resistance to 
high-temperature rutting. Additionally, the PU adhe-
sive formed an elastic film after curing, further en-
hancing the elastic properties of the mixture. How-
ever, as the thermal-oxidative aging time of waste 
rubbers increased, the dynamic stability of mixtures 
gradually decreased. This decline was attributed to 
the high-temperature reversion of waste rubbers, 

which resulted in the decreased elasticity and in-
creased hardness. After 7 days of thermal-oxidative 
aging, the short chains of waste rubbers was tempo-
rarily cross-linked. During this period, the crosslink-
ing density of the waste rubbers decreased, and its 
hardness increased slowly. As a result, for the mix-
ture with waste rubbers aged for 7 days, the dynamic 
stability exhibited a slow decrease. As the aged time 
increased, the initially formed temporary crosslink-
ing structures in waste rubbers gradually disintegrat-
ed. This led to a significant reduction in crosslinking 
density and a rapid decline in elasticity. Consequent-
ly, the high-temperature stability of the mixture de-
teriorated. After 35 days of aging, the dynamic sta-
bility of the mixture decreased by 39%. However, 
the dynamic stability also remained above 10,000 
times/mm, indicating that the anti-rutting ability was 
still better than that of conventional asphalt mix-
tures. 

It is known that the elasticity of waste rubbers 
decreases while hardness increases with prolonged 
aging time, which results in a reduced anti-
deformation ability under low-temperature condi-
tions(Wu et al., 2018). Therefore, as illustrated in 
Figure. 1b-1d, the maximum flexural strain of the 
PERS mixture dropped, while the flexural strength 
and flexural stiffness modulus rose. However, the 
specimens did not break until the end of the test, in-
dicating that the crack resistance of the PERS mix-
ture was not seriously impacted by the aging of 
waste rubbers. 

 
Figure 1. Results of the rutting test and low-temperature bend-
ing test: (a) dynamic stability; (b) flexural strength; (c) maxi-
mum flexural strain; (d) flexural stiffness modulus. 

In addition, the water stability of PERS was in-
vestigated through the immersion Marshall test and 
unsaturated stability test. From the results in Figure. 
2, it can be observed that both the unsaturated and 
immersion stability of the PERS mixture improved 
with varying aging times of waste rubbers. After 14 
days of aging, the unsaturated and immersion stabil-
ity reached their maximum, increasing to nearly 
twice and 1.5 times that of the unaged mixture, re-
spectively. It may be the result that the strength of 
waste rubbers was enhanced after thermal aging due 
to the temporary crosslinking between short chains 



and existing networks during the aging process. 
Similarly, as shown in Figure. 2d-4f, the split 
strength including unfreezing-thawing and freezing-
thawing exhibited the same growth trends with the 
aged waste rubbers for different times, both present-
ed the maximum value when the waste rubbers aged 
for 14 days and then decreased with the aging time 
increasing. It was reported that the temporary cross-
linking networks formed during the aging process 
were destroyed with heating time prolonging, lead-
ing to a reduction of strength. 

 
Figure 2. Results of the immersion Marshall test (a-c) and 
freeze-thaw splitting test (d-f) for aged pers mixtures contain-
ing different aging times waste rubbers 

Importantly, as illustrated in Figure. 2 and Figure. 
3, both the residual stability and strength of the aged 
samples declined while the immersion Cantabro loss 
rate gradually rose. After heating for 35 days, the re-
sidual stability and strength dropped to nearly 40%, 
and the immersion Cantabro loss rate exceeded 10%. 
These values were significantly lower than the rele-
vant standards, indicating that the mixtures were not 
used as pavement materials. The changes in the 
structure of waste rubbers increased sensitivity to 
water during the aging process, which made it easier 
to access the molecular chains due to the presence of 
more short chains. 

 
Figure 3. Results of the immersion Cantabro loss test. 

3.2 Dynamic modulus test 
From Figure. 4a and 4b, it can be seen that for all 

PERS mixtures, both the dynamic modulus and 
phase angle increase with the increasing load fre-

quency. Additionally, the dynamic modulus of the 
mixture increases with prolonged aging time at eve-
ry loading frequency, indicating an improvement in 
the mechanical strength of the PERS mixture after 
thermal aging. Nevertheless, the phase angle gradu-
ally decreased with the increasing aging time at eve-
ry load frequency, and the stiffness and compression 
resistance of the mixture also decreased, which 
proved that the elasticity of waste rubbers in PERS 
mixtures diminishes during thermal aging. There-
fore, it can be inferred the PERS mixture no longer 
has the characteristics of functional elasticity with 
the increasing service life until the road cracks. 

 
Figure.4. Results of noise reduction performance tests of PERS 
mixtures: (a) dynamic modulus; (b) phase angle; (c) sound ab-
sorption coefficient at different frequencies; (d) average sound 
absorption coefficient 

3.3 Sound absorption ability 
The impedance tube test was used to assess the 
sound absorption ability of PERS mixtures. The 
sound absorption coefficients at varying frequencies 
and the average sound absorption coefficient are il-
lustrated in Figure. 4c and 4d. Two peaks at 1600 Hz 
and 4000 Hz in the range of middle and high fre-
quency were observed, indicating that vehicle noise 
distributed at 200-2000 Hz was well absorbed by the 
PERS mixture. After the waste rubbers in the PERS 
mixture were heated at 100°C for varying durations, 
the sound absorption ability also changed. In the 
range of 200-5000Hz, the sound absorption ability 
initially increased and gradually dropped with the 
thermal aging time increased especially for the aged 
7 days, and the sound absorption coefficient reached 
0.8, which was greater than that of the unaged PERS 
mixture. It was the result that the temporary cross-
linking between the main chains in waste rubbers 
occurred at the early stage of thermal aging, which 
was needed to receive more sound power to move, 
and hence the sound absorption ability was im-
proved. However, the temporary crosslinking was 
broken and more short chains emerged with the ag-



ing time increased, which possessed poor binding 
force on sound waves.  

The findings show that with increased thermal 
aging time, the sound absorption ability including 
the medium and high frequencies initially increased 
and then decreased until lower than that of unaged 
PERS mixture, indicating that it no longer possesses 
the ability to absorb sound in the long-term use. 

4 CONCLUSIONS 

In this work, the change of mainchains of waste rub-
bers was explored, the effect of thermal- oxygen ag-
ing of the waste tire rubbers on road performance 
and noise reduction ability of PERS also be investi- 
gated including water stability, the dynamic stability 
in the high temperature and the maximum flexural 
strain in the low temperature. We believe this work 
can pro-vide a new theory for long-life applications 
of waste rubbers in functional pavement, which im-
proves the recycling efficiency of waste rubbers. 
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1 INTRODUCTION 
Epoxy asphalt serves as a fundamental construction 
material, extensively utilized in the orthotropic steel 
deck systems of long-span bridges. The commercial 
epoxy asphalt products exhibit exceptional tensile 
strength, long-lasting durability, and high-quality 
pavement performance. However, the regeneration 
of epoxy asphalt poses a formidable engineering 
challenge due to the formation of irreversible cova-
lent crosslinks. The regeneration of epoxy asphalt 
not only enables significant epoxy-based resource 
conservation but also maximizes the protection of 
the ecological environment, aligning with the fun-
damental national policy on sustainable development 
in transportation. Therefore, it is imperative to ad-
dress this technical challenge in order to achieve 
epoxy asphalt regeneration. 

Relevant research has been conducted thus far, 
with a specific focus on addressing this issue. 
Alamri et al. employed the epoxy asphalt mixture af-
ter milling as the aggregate to produce the asphalt 
mixture (Alamri et al., 2020). The implementation of 
this disposal method proves to be an effective ap-
proach in mitigating the accumulation of aged epoxy 
asphalt in landfills. Jing et al. discovered that the in-
corporation of a soft bituminous recycling agent pos-
itively impacted the aged epoxy asphalt, particularly 
in terms of its rheological properties (Jing et al., 
2021; Jing et al., 2023), being a remarkable attempt 
to regenerate epoxy asphalt.  

In our previous study, we developed a novel ap-
proach for regenerating epoxy asphalt by incorporat-
ing dynamic covalent bonds to render the irreversi-
ble covalent crosslinks reversible, while 

simultaneously rejuvenating the aged asphalt phase 
through the addition of a rejuvenator during recy-
cling (Yi et al., 2023; Zhou et al., 2022). Thus far, a 
synthesis strategy and regeneration validation for re-
cyclable epoxy asphalt embedded with the Diels-
Alder reaction have been proposed, along with an 
optimization design. It is necessary to clarify more 
details on the regeneration process of recyclable 
epoxy asphalt. This study aims to further evaluate 
the impact of the regeneration process, particularly 
the proportion of rejuvenator, on the rheological per-
formance of recyclable epoxy asphalt.  

2 EXPERIMENTAL DETAILS 

2.1 Recyclable epoxy asphalt preparation and 
regeneration 

The preparation process of recyclable epoxy asphalt 
is summarized in Figure 1. The material composition 
was determined using the surface response method, 
with the asphalt mass ratio set at 54%, the FGE mass 
ratio at 15%, and the MA mass ratio at 31%. 

According to the standard of JTG E20-2011, the 
aging of recyclable epoxy asphalt can be simulated 
by subjecting it to oven heating at a temperature of 
85 ℃ for a duration of 120 h. This process can be 
considered as representing a service life ranging 
from 5 to 7 years. Subsequently, in the regeneration 
process, the aged samples are initially placed in an 
oven at a temperature of 120 °C for a duration of 1 
h. Following this step, the samples are combined 
with the rejuvenator and heated at 120 °C for a peri-
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ABSTRACT: The present study serves as an extension of the recyclable epoxy asphalt regeneration process, 
providing additional details on the rejuvenator proportion employed. Specifically, a comprehensive analysis 
of the rejuvenator proportion is conducted based on the rheological performance of the asphalt phase in recy-
clable epoxy asphalt. Through dynamic shear rheometer and bending beam rheometer experiments, it has 
been determined that an optimal proportion of 8% rejuvenator effectively restores the rheological perfor-
mance of aged asphalt phase in recyclable epoxy asphalt. Following regeneration, a significant recovery in 
complex modulus is observed compared to the aged sample, thereby demonstrating the efficacy of this regen-
eration approach. 
 



od of 10 min. Finally, the samples undergo a reheat-
ing process lasting for 24 h at a temperature of 
70 °C. 

 
Figure 1. Preparation process of recyclable epoxy asphalt. 

2.2 Rejuvenator 
The rejuvenator utilized for enhancing the perfor-
mance of aged asphalt phase consists of self-
developed diffusion materials, comprising petroleum 
light components and bio-oil components. The relat-
ed properties of rejuvenator are recorded in Table 1. 
 
Table 1.  Technical properties of the rejuvenator. 

Technical indexes Test result Criteria 
Flash point / 25 °C 230 ≥200 

Saturated content / % 13.2 ≤30 
Aromatics content / % 79.6 ≥60 

Mass change / % 0.5 -4~4 
 

2.3 Rheological performance test 

The rejuvenator plays a crucial role in the recovery 
of aged asphalt phase during the regeneration pro-
cess of recyclable epoxy asphalt. Therefore, the pro-
portion of rejuvenator is determined based on the 
rheological performance of aged asphalt combined 
with varying concentrations of rejuvenator. To simu-
late the aging condition of recyclable epoxy asphalt 
analogously, the virgin asphalt was subjected to a 
120 ℃ aging process in an oven at a temperature of 
85 ℃. Subsequently, the rejuvenator was thoroughly 
mixed with the aged asphalt using specific mass ra-
tios of asphalt (6%, 7%, 8%, and 9% respectively). 

The study involved conducting Frequency Sweep 
(FS) measurements, Linear Amplitude Sweep (LAS) 
tests, Multiple Stress Creep and Recovery (MSCR) 
tests, and Bending Beam Rheometer (BBR) experi-
ments. All the procedures were performed in ac-
cordance with the AASHTO standard methods. The 
optimal proportion of rejuvenator will ultimately be 
determined through a comprehensive analysis of 
rheological properties. 

3 RESULTS AND DISCUSSION  

3.1 Complex modulus 
The complex modulus of aged asphalt phase com-
bined with different proportions were characterized 
with the FS test. Master curves at a reference tem-
perature of 20 °C are determined based on the prin-
ciple of time-temperature superposition, and the re-
sults are shown in Figure 2. 

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 103
101

102

103

104

105

106

107

108

Frequency (Hz)

 6%
 7%
 8%
 9%
 aging5
 Virgin asphalt

C
om

pl
ex

 M
od

ul
us

 (P
a)

 
Figure 2. Master curves of complex modulus for aged asphalt. 
 

The complex modulus of asphalt is observed to 
increase following a 120 h aging period. The addi-
tion of rejuvenator has an apparent influence on the 
complex modulus of aged asphalt. The complex 
modulus of the aged asphalt mixed with 6% and 7% 
proportions of rejuvenator is higher at lower fre-
quencies compared to that of the aged asphalt, 
whereas the addition of 8% and 9% rejuvenator has 
minimal influence on the complex modulus of aged 
asphalt. At higher frequencies, the rejuvenator exerts 
a discernible downward influence on the complex 
modulus of aged asphalt, closely approximating its 
virgin state. The rheological performance of aged 
asphalt can be effectively restored by both 8% and 
9% proportions of rejuvenator. Considering econom-
ic considerations, the optimal proportion for com-
plex modulus recovery of aged asphalt is selected as 
8%.  

3.2 Fatigue life 
The relationship between stress and strain was eval-
uated based on the LAS test, as shown in Figure 3. 
The stress-strain behavior of aged asphalt encom-
passes that of the virgin material, with consistent ob-
servation of a descending trend in stress-strain 
curves as the proportion of rejuvenator increases. 
What’s more, the stress-strain curves of recycled as-
phalt are lower than that of the virgin asphalt.  
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Figure 3. Stress-strain response of aged asphalt. 
 

Then the fatigue behavior evolution of recyclable 
epoxy asphalt was investigated based on the stress-
strain response, employing a viscoelastic continuous 
damage model (S-VECD). The fatigue life predic-
tion for the aged asphalt under various strain levels 
is presented in Table 2. The aging process has mar-
ginally enhanced the fatigue life of asphalt under 
higher strain levels. However, when a rejuvenator is 
added, the fatigue life of aged asphalt decreases sig-
nificantly compared to both its virgin state and the 
aged condition. The proportion of 8% has the appar-
ent improvement on the fatigue performance.  
 
Table 2.  Fatigue life prediction for aged asphalt. 

Strain 
Sample 

Fatigue life 
2% 4% 6% 

Virgin asphalt 70333 7603 2069 
Aged 120 h 46285 7257 2455 

6% 37761 4249 1184 
7% 24171 3785 1279 
8% 28546 4645 1606 
9% 23842 3769 1281 

 

3.3 Rutting resistance ability 
The results of the MSCR tests conducted on aged 
asphalt are illustrated in Figure 4. The experimental 
temperature is set to be 46 °C. The MSCR test em-
ploys the average recovery percentage R and non-
recoverable creep compliance Jnr as assessment indi-
cators for evaluating rutting resistance capability. 

The creep recovery percentage R demonstrates a 
slight increase following the aging process. Upon 
the addition of rejuvenator, R exhibits an upward 
trend in comparison to both the virgin and aged 
samples. The proportion of the 8% sample exhibits 
an obvious decrease in the recovery percentage R at 
a stress level of 3.2 kPa, closely resembling both the 
virgin and aged states. 

The non-recoverable creep compliance Jnr charac-
terizes the unrecoverable creep compliance of as-
phalt. After aging, the value of Jnr decreases at the 
stress level of 0.1 kPa. The incorporation of a lower 

amount of rejuvenator results in a reduced Jnr com-
pared to the virgin and aged asphalt, indicating an 
improvement in elasticity and a decrease in perma-
nent deformation. Until the proportion exceeds 8%, 
the aged asphalt samples demonstrate a partial yet 
incomplete recovery of the non-recoverable creep 
compliance. At the stress level of 0.1 kPa, the rutting 
resistance is similar to the aged samples, albeit still 
remaining better than that of the virgin material. 
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Figure 4. MSCR test results of aged asphalt. 
 

3.4 Low-temperature cracking resistance 
The stiffness S and the creep rate m-value can be de-
termined through the BBR test, enabling an assess-
ment of low-temperature cracking resistance. The 
BBR test was conducted at temperatures of -6 °C, -
12 °C, and -18 °C, respectively. The results are rec-
orded in Table 3. 
 
Table 3.  Stiffness and m-value of aged asphalt. 

Sample Temperature/ °C  
-6 -12 -18 

Virgin  
asphalt 

S/MPa 13.97 54.26 153.18 
m 0.58 0.46 0.36 

Aged 120 h S/MPa 19.35 60.62 212.75 
m 0.53 0.43 0.34 

6% S/MPa 13.26 41.80 114.80 
m 0.49 0.41 0.34 

7% S/MPa 13.91 43.27 114.14 
m 0.49 0.41 0.33 

8% S/MPa 12.42 42.22 112.88 
m 0.50 0.42 0.35 

9% S/MPa 10.71 35.35 102.49 
m 0.50 0.42 0.34 

 
Following the aging period, the aged asphalt 

demonstrates a noticeable increase in stiffness, while 
concurrently exhibiting a decrease in m-values. The 
results suggest the presence of a slightly slower re-
laxation of stress. The aged asphalt exhibits reduced 
resistance to low temperature performance. The 
stiffness has fully recovered to the virgin state after 
regeneration, even exhibiting a lower level. Howev-
er, m-values solely correspond to the virgin asphalt 



with a higher proportion of rejuvenator; neverthe-
less, there remains a noticeable disparity.  

3.5 Regeneration implementation  
The rejuvenation of aged recyclable epoxy asphalt 
was achieved by selecting a proportion of 8% reju-
venator, taking into account the rheological perfor-
mance of recycled asphalt. Ultimately, the rheologi-
cal performance of aged recyclable epoxy asphalt 
and regenerated recyclable epoxy asphalt was com-
pared to that of virgin recyclable epoxy asphalt in 
order to assess the effectiveness of regeneration.  

Using the complex modulus as an illustrative ex-
ample to elucidate the matter in this study. The re-
sults of complex modulus are shown in Figure 5. Af-
ter aging, the recyclable epoxy asphalt displays 
raised stiffness over the all frequencies. Combined 
with the regeneration process, the complex modulus 
of recyclable epoxy asphalt descends to even lower 
values than those of virgin materials. The utilization 
of an 8% rejuvenator can indeed result in a superior 
deduction of the complex modulus of recyclable 
epoxy asphalt. 
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Figure 5. Master curves of complex modulus for recyclable 
epoxy asphalt. 
 

To further analyze the results of complex modu-
lus, the cross modulus at a temperature of 20 °C  was 
derived, as shown in Figure 6.  
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Figure 6. Cross modulus of recyclable epoxy asphalt. 
 

After regeneration, the cross modulus exhibits an 
increase and approaches its initial level closely. The 
regenerative process demonstrates a clear ability to 
restore the virgin properties. The enhanced cross 
modulus accelerates the dynamic response of recy-
clable epoxy asphalt, enabling it to promptly react to 
external forces and facilitate relaxation. 

4 CONCLUSIONS 

(1) The optimal proportion of 8% rejuvenator is 
selected to regenerate the recyclable epoxy asphalt 
from the perspective of the asphalt phase. 

(2) The regeneration has restored the capacity to 
elicit a dynamic response of recyclable epoxy as-
phalt. 

(3) Rejuvenator proportions can be further adjust-
ed in the future, taking into account the complex 
modulus requirements. 
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5.2 
ENVIRONMENTAL IMPACT & ECONOMIC 

LIFE CYCLE PERFORMANCE OF PAVEMENTS 



1 INTRODUCTION 
When designing a construction method and selecting 
construction materials, sustainability, climate protec-
tion and resource conservation are becoming in-
creasingly important in asphalt road construction. A 
major contribution to sustainability can be achieved 
in particular by maximizing the useful life of roads. 
In order to achieve this, polymer modified bitumens 
(PmB) according to TL Bitumen-StB 07/13 [1] are 
generally used for special stresses in asphalt road 
construction. These polymers, mostly styrene-
butadiene block copolymer (SBS) produced from 
anionic polymerization, are primary construction 
materials with limited availability worldwide. As an 
alternative to PmB, rubber modified bitumens 
(GmB) have been used for many years in a wide va-
riety of projects. Rubber modified bitumens general-
ly consist of a road construction bitumen modified 
with additivated rubber powder (secondary construc-
tion material from recycled tires). 

According to current results, the use of rubber-
modified bitumen promises above all performance 
improvements with regard to the low-temperature, 
aging and fatigue behavior of asphalt. In this respect, 
there has already been good national and interna-
tional experience with rubber modification for many 
years - especially in the application areas of highly 
stable asphalt concepts (container terminals, logis-
tics centers, bus bays, etc.), noise-optimized asphalt 
layers (PA) and in higher reuse rates of asphalt 
granulate. Furthermore, the targeted use of second-
ary construction materials / recycled products can be 
expected to make an additional contribution to cli-
mate protection and resource conservation. The 
knowledge gained so far on rubber modification is to 
be further deepened by this paper, among others. 

Use of recycling elastomers - a contribution to increasing sustainability 
in asphalt road construction? 

A. Prof. Dr.-Ing. Alexander Buttgereit
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ABSTRACT: When designing a construction method and selecting the individual construction materials, the 
topics of sustainability, climate protection and resource conservation are becoming increasingly important in 
asphalt road construction. The current situation in road construction, i.e. increasing raw material prices and 
simultaneously decreasing availability of primary construction materials, will increase the importance of 
the reuse of secondary construction materials. Rubber-modified asphalts have been used successfully for 
many years as an alternative to polymer-modified asphalts. Rubber-modified bitumens consist of a road 
bitumen modified with additivated rubber powder (secondary construction material from recycled tires). 
However, the good practical experience to date has only been partially documented, if at all, by verified 
data. On the basis of three long-term studies on the mode of action and performance of the rubber-modified 
construction method with considered periods of use between 10 and 13 years, a highly loaded industrial area 
(2007), a logistics and container area (2008) and a city road (2012) were examined and evaluated by the 
engineering company PTM Dortmund mbH. In addition, investigations (performance and emissions) and 
dimensioning calculations com-paring polymer-modified to rubber-modified construction methods were 
carried out as part of a pilot route (2020). The previous positive experience with the rubber-modified 
asphalt construction method was con-firmed by long-term observations and comparative laboratory tests. 
The highly loaded asphalt surfaces inves-tigated still show good performance properties even after 
comparatively long service lives. With regard to the calculated service lives, it was also possible to derive 
equivalent or even higher service lives for rubber-modified asphalt variants compared with the classic 
polymer modification. In summary, the results show that the rubber-modified asphalt construction method 
can make an additional contribution to the main sustainabil-ity goals, such as resource conservation, the 
reduction of CO2 emissions or the reduction of life cycle costs through the extension of service lives. 



2 CURRENT STATE OF KNOWLEDGE ON 
RUBBER MODIFICATION 

The "Recommendations on Rubber Modified Bitu-
men and Asphalts" [2] deal with the use of additivat-
ed rubber powder (particels < 0,8mm) or crumb rub-
ber in the production of rubber modified asphalts. 
Modification with rubber powder is used to improve 
the bitumen properties and the asphalt produced 
with it. The additivated rubber powder can be added 
either to the bitumen (wet process) or directly into 
the mixer of the asphalt mixing plant immediately 
dur-ing the production of the asphalt (dry process). 
The findings presented in this paper refer exclusive-
ly to the dry process (direct modification) described 
in E GmB A [2]. 
In the dry process, the add. rubber powder or rubber-
modified bitumen granules are added directly to the 
asphalt mixer to modify the asphalt. The advantages 
of dry addition for asphalt applications include: 
• The free choice of the base bitumen and the varia-
ble control of the addition quantities of the additive-
modified rubber powder mean that customized solu-
tions can be supplied for almost any application 
• Special solutions are also possible for very small 
areas (e.g. bus bays, etc.). 
• The addition is possible on almost all asphalt mix-
ing plants. 
• Asphalt mixes with high proportions of asphalt 
granules can be modified in a targeted manner. 

3 LONG-TERM STUDIES AND DATA 
SITUATION 

The extended useful life as part of the sustainability 
potential of rubber-modified asphalt construction 
methods is generally expected by practical experi-
ence and for the most part also recognized. Howev-
er, this has so far only been partially or not at all 
documented by verified data and corresponding 
comparisons. 

The long-term use of rubber-modified asphalts 
has been documented on the basis of 4 practical ex-
amples from different areas of traffic route construc-
tion and evaluated by means of corresponding labor-
atory tests: 

1. highly loaded industrial area (2007) in the port 
of Rostock in asphalt construction based on ZTV 
Asphalt-StB 01 [3], year of investigation 2020 

• approx. 3 to 3.5 cm AC 8 D S with bitumen 
30/45 and 15 % add. rubber powder 

• approx. 6 to 8 cm AC 16 B S with bitumen 
30/45 and 15 % add. rubber powder 

• approx. 9 to 12 cm asphalt base course (n/a) 
2. logistics and container areas (2008) in asphalt 

construction based on ZTV Asphalt-StB 01, year of 
investigation 2019 

• AC 8 D S (asphalt surface course), base bitumen 
50/70 and 15 % add. rubber powder 

• AC 16 B S (asphalt binder course), with base bi-
tumen 50/70 and 15 % add. rubber powder. 

• conventional (unmodified) AC 22 T S (base 
course) 

3.resource conservation city road (2012) in as-
phalt construction method based on ZTV Asphalt-
StB 01, study year 2019. 

• Asphalt granulate content of 50% in the asphalt 
surface course made of SMA and addition of add. 
rubber powder in the dry process. 

• SMA 8 S with base bitumen 70/100 and 15 wt.-
% of add. rubber powder (based on the total binder 
content) 

4. new construction of rural road (2020) in as-
phalt construction with 3 different construction 
methods 

• V1: AC 8 DS with PmB 25/55-55, AC 16 BS 
SG with 30/45, AC 32 T S with 30/45 

• V2: AC 8 D S with PmB 25/55-55, AC 16 BS 
SG with PmB 25/55-55, AC 32 T S with 45/80-50 

• V3: AC 8 D S with 50/70 +12.5% add. rubber 
powder, AC 16 B S SG with 50/70 +12.5% add. 
rubber powder, AC 32 TS with 70/100 +12.5% add. 
rubber powder 

In this article, only the 3rd and 4rd project will be 
dis-cussed in more detail below. 

 

3.1  Asphalt concept 
The milled asphalt surface course of the road was to 
be reused in the new asphalt surface course as 
planned after reprocessing. During the preliminary 
investigations in 2011, a softening point ring and 
ball of 74 °C, a needle penetration of 17 0.1 mm and 
a breaking point after Fraaß of -3 °C were deter-
mined on the asphalt surface course of SMA 11 S to 
be renewed. The determined binder characteristics 
thus basically indicated a very strongly aged bitu-
men. 

The binder concept developed for the new asphalt 
surface course of SMA 8 S provided for a soft base 
bitumen 70/100 and 15 % of add. rubber powder 
(based on the total binder content) for modification 
in the dry process, using 50% asphalt granulate. In 
general, the German regulations do not allow the 
addition of RAP in SMA. Within the scope of this 
project, an attempt was made to increase the amount 
of RAP added to the maximum of 50% without neg-
atively affecting the quality of the resulting asphalt.   
The applied dry process - i.e. direct modification in 
the asphalt mixer - made it possible to modify the 
entire asphalt mix despite the high proportion of as-
phalt granules. In this context, the rubber modifica-
tion was intended to optimize the old bitumen pre-
sent in the asphalt granulate and, in particular, the 
poor low-temperature behavior identified in the pre-
liminary investigations, as well as to contribute to 
the general 



improvement of the asphalt's overall performance 
(compactability, deformation resistance, etc.). 

Further details on the implementation of the con-
struction measure can be found in the technical arti-
cle from [3]. 

3.2 Long-term monitoring 2012 to 2022  
The long-term monitoring carried out so far is de-
scribed by the project timeline shown in Fig. 1. 
Within the scope of the monitoring (as of March 
2022), no deformations, cracks (e.g. brittle cracks) 
or other defects could be detected after a good 10 
years. 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Long-term monitoring Detmolder Straße 
 
The good visual condition of the road is supported 
by the laboratory tests carried out in 2018/2019. In 
Table 1, the characteristic values of the control test 
from 2012 are compared with the values after 6 
years of service. The comparison clearly shows at 
this point that the aging rate of the binder of the as-
phalt surface course is very low with an average in-
crease in the softening point ring and ball of about 2 
°C, i.e. with an increase of about 0.3 °C/year. In ad-
dition, despite the high stiffness (complex shear 
modulus G*) at 60 °C of 23,710 Pa (high defor-
mation resistance), the binder exhibits very good 
low temperature behavior in the BBR with a stiff-
ness of 205 MPa and an m-value of 0.317. 
 
Table 1: Comparison of 2012 control inspection and 
2018/2019 follow-up inspection 
 
 
 
 

 
 

 
n.b.= Parameters were not determined in 2012 
 

3.3 Resource and CO2 savings through the use 
of secondary raw materials 

In addition to the successful implementation of 
the road construction project, the focus was on the 

environmental sustainability goal of "increasing the 
RC quota", i.e. construction in the sense of the Re-
cycling Management Act (Kreis-
laufwirtschaftsgesetz [5]). Within the scope of the 
construction project, a total of 375 t of primary ma-
terial - approx. 352 t of aggregate and 23 t of bitu-
men - could be saved due to the high reuse rate for 
almost 7,000 m² and 750 t of asphalt mix. Further-
more, as an additional environmental goal, the use of 
a modifier made from secondary raw materials (rub-
ber flour) made an additional contribution to reduc-
ing CO2 emissions. According to the German Rub-
ber Industry Association (Wirtschaftsverband der 
deutschen Kautschukindustrie e.V.), approximately 
175,000 t of used tires were sent for thermal recy-
cling (cement industry) in Germany in 2019. In gen-
eral, a saving of 0.7 t of emission CO2 per 1 t of tires 
is assumed here if the tires are recycled instead of 
being thermally recycled. For the project under in-
vestigation with approx. 750 t of asphalt mix, this 
corresponds to CO2 savings of 10 t. 
 

4 SUMMARY AND OUTLOOK 
The positive experience and findings to date with the 
rubber-modified asphalt construction method were 
confirmed by the long-term observations and com-
parative laboratory tests of the individual asphalt 
variants (including computational dimensioning [7]). 
The following points could be derived from the di-
mensioning calculations: 

•  The replacement of PmB to RmB only for the 
asphalt surface course has almost no influence 
on the results of the dimensioning for the high 
load classes (equivalent), but the rubber-
modified asphalt clearly shows the highest 
stiffness in the high service temperature range 
and at the same time the lowest stiffness in the 
lower service temperature range. Indirectly, a 
significantly higher resistance to deformation 
under heat can thus be derived, especially in 
the high service temperature range. The ob-
served performance in the lower service tem-
perature range was confirmed by the cooling 
tests carried out. Here, the rubber-modified 
variant exhibits the best low-temperature 
properties, followed by the polymer-modified 
variant and the variant with base bitumen. 

• In the case of three-layer modification the fa-
tigue resistance and thus the calculated service 
life of the asphalt structure increases between 
10 % and 20 % depending on the load class 
when comparing the RmB variants with the 
PmB variants. 

Particularly the highly loaded asphalt surfaces inves-
tigated show good performance properties even after 
comparatively long periods of use.  
 



In summary, it could be shown at this point 
through the described practical examples that an ad-
ditional contribution to the protection of resources, 
the reduction of CO2 emissions or the reduction of 
life cycle costs can be made through the longer use-
ful life of the rubber-modified asphalt construction 
method. 

In view of the current situation in road construc-
tion, i.e. rising raw material prices and simultane-
ously declining availability of primary construction 
materials, the topic of reuse of secondary construc-
tion materials in general is becoming increasingly 
important. Especially the possibility of direct modi-
fication at the asphalt mixing plant by means of the 
dry process offers here the possibility of continuing 
to modify the future higher proportions of asphalt 
granulate in the asphalt mix in a targeted manner [4]. 

A future task of the rubber-modified construction 
method, especially for the dry process, will be the 
reduction of the production temperature of asphalt 
mixes (low-temperature asphalt), which will inevita-
bly come about as a result of the setting of the occu-
pational exposure limit (OEL) for bitumen. In this 
respect, initial test results show that a temperature 
reduction according to the current M TA [6] is also 
possible both during production and during paving 
with the rubber-modified construction method. 
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1 INTRODUCTION 
The impacts roads in society and environment are 
widely known, and several efforts have been recorded 
towards measuring and optimizing their sustainability 
performance (Del Rosario & Traverso 2023). For in-
stance, the Federal Highway Administration (FHWA) 
in the United States provides several tools in which 
the sustainability of pavements can be measured us-
ing methods such as Life Cycle Assessment (LCA), 
Life Cycle Costing (LCC), and sustainability rating 
systems (FHWA 2021).  

LCA is a method for quantifying environmental 
impacts of products throughout their whole life cycle 
standardized by the ISO 14040 and ISO 14044 (ISO 
2020a, 2020b). LCA is widespread across many 
fields, and enables the identification of environmental 
hotspots associated to a particular product. LCC is a 
further life-cycle-based method addressing the eco-
nomic dimension, i.e., the life cycle costs of products 
(Swarr et al. 2011). Although there are no general 
standards for LCC, a norm for its application in build-
ings exists (ISO 15686-5), which is often used as ref-
erence in road construction. Finally, the social perfor-
mance of products can be addressed with Social Life 
Cycle Assessment (S-LCA), in which positive and 
negative impacts of products can be quantified 
(UNEP 2020). This method has been recently stand-
ardized by the ISO 14075 (ISO 2024). 

All these methods are useful for measuring the per-
formance of products in individual sustainability 

dimensions. However, sustainability should be ad-
dressed from a holistic perspective to avoid issues 
such as burden-shifting. This comprehensive ap-
proach can be achieved with the Life Cycle Sustaina-
bility Assessment (LCSA), which prescribes the par-
allel application of LCA, LCC, and S-LCA for the 
same functional unit (reference) and equivalent sys-
tem boundaries (Kloepffer 2008; Finkbeiner et al. 
2010). Although gaining popularity, this method is 
not yet widely adopted in the road construction sector, 
with only a few examples found in literature (Del Ro-
sario & Traverso 2023).  

Therefore, the aim of this contribution is to explore 
LCSA of pavements through the analysis of a case 
study. The objective is to provide insights on the po-
tentials and challenges of this method in the road con-
struction industry.  

2 METHODS 

2.1 Case study 
The hypothetical case study consists of a 5-km mo-
torway segment near Dresden, assumed to have a 
Standard Cross-Section RQ 36 (FGSV 2008). The 
structure is assumed to have the load class BK100 and 
an Annual Average Daily Traffic (AADT) of 42,500 
vehicles. The assessed structure is presented in Figure 
1.  
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Figure 1. Pavement structure. 

2.2 Goal and scope definition 
The goal is to determine the main impacts associated 
with the construction and operation of a motorway 
section in Germany. In particular, the main hotspots 
and challenges shall be identified. The environmental 
and economic impacts are determined using the LCA 
and LCC methods. Due to lack of data availability, 
social risks are determined to identified potential rel-
evant social aspects.  

The functional unit (FU) is 1 road-km of road 
pavement of a German motorway section near Dres-
den, with the standard cross-section RQ36, load class 
BK100, AADT 42,500 (truck share: 8.24%) and a pe-
riod of analysis of 30 years.  

Due to the granularity needed in for each of the 
methods, the system boundaries of the study vary. In 
this simplified assessment, the LCA and social risk 
assessment consider raw material and energy produc-
tion (A1), raw material transport (A2), asphalt mixing 
process (A3), asphalt mixture transport (A4), pave-
ment construction (A5), maintenance (B2), and reha-
bilitation / replacement (B4). A period of analysis of 
30 years is selected, in which following activities are 
assumed to be carried out:  

• Years 1-30: Yearly winter service, inspec-
tions and condition monitoring 

• Year 12: Thin asphalt overlay  
• Year 16: Replacement of the surface layer 
• Year 18: Thin asphalt overlay 
• Year 30: Replacement of surface and 

binder layers 
In turn, since the LCC is conducted from the per-

spective of the road agency, the costs arising in Mod-
ules A1-A3 are not considered as relevant since the 
final cost (including production costs, revenue and 
other components) is used. For the sake of harmoni-
zation with the reported LCA results, material costs 
corresponding to the initial construction will be re-
ported as Module A3. Costs arising in Modules A4-
A5, B2 and B4 are also reported.  

The LCA was carried out using the software 
©GaBi ts 10.6.2.9. For the LCC and the social risk 
assessment, the data was gathered from their 

respective databases (see Section 2.3) and processed 
using MS Excel. The norms ISO 14040, ISO 14044, 
ISO 15686-5, and EN 15804 were used as references 
for the assessment, as well as the UNEP LCSA 
Guidelines (UNEP 2011; ISO 2017, 2020a, 2020b; 
CEN 2021; ISO 2024). 

2.3 Life cycle inventory 
Secondary data was used for the assessment. Consid-
ering that the case study is located in Germany, Ger-
man datasets were preferred whenever available. For 
the LCA, the databases ©GaBi Professional 2022.2 
and Ecoinvent v.3.8 were used.  

To conduct the LCC, data was used obtained 
mostly from the Autobahn GmbH – road agency man-
aging federal motorways in Germany – and Baupreis-
lexikon – a German costs database (f:data n.d.). The 
cost categories of material, transportation, labor, and 
machines are considered. Furthermore, costs related 
to tendering and planning commissioning, as well as 
construction site equipment were obtained as lump 
sums.  

The social risk assessment was conducted with the 
Product Social Impact Life Cycle Assessment 
(PSILCA) database (GreenDelta 2020). Here, the so-
cial risks associated to stakeholders (e.g., workers, 
value chain actors, society, and local community) 
within a particular economic sector of the selected 
country are mapped and classified from “very low” to 
“very high” risks. For this study, the economic sectors 
associated to the life cycle of the pavement were iden-
tified based on Del Rosario et al. (2024) with the ad-
dition of activities for construction, maintenance and 
replacement, all considered to be under the sector 
“basic construction”.  

2.4 Life cycle impact assessment 
The Environmental Footprint (EF) method 3.0 was 
used in the LCA and all impact categories included 
were determined. These results were normalized and 
weighted using the factors of the method. In this 
study, only the most relevant impact categories are re-
ported, which are those with a combined contribution 
amounting to at least 80% of the total environmental 
impacts after their normalization and weighting.  

In the case of LCC, this step is not foreseen and 
the results are expressed in terms of costs. In particu-
lar, they are expressed in terms of Net Present Value 
(NPV) using a discount rate of 3%.  

For the social dimension, no impact assessment 
was carried out since only a social risk assessment 
could be performed. In this regard, the results are ex-
pressed in terms of the likelihood of a certain social 
issue occurring within a particular economic sector 
for a particular country. For the purposes of this 
study, only the social issues for which a “high” or 
“very high” risks are determined to be relevant. Given 



that in some instances the social risks in each of the 
economic sectors vary, a point scale was defined to 
assign the overall risk corresponding to a social topic. 
This point scale ranges from 7 points (very high risk) 
to 1 point (very low risk). Furthermore, to account for 
uncertainty, 4 points where assigned to those cases in 
which no data was available. 

2.5 Interpretation 
For all sustainability dimensions the most relevant 
hotspots were identified. For the environmental di-
mension, the most relevant life cycle stages and im-
pact categories were determined. Similarly, the most 
relevant life cycle stages and the most relevant cost 
categories are identified for the economic dimension. 
Finally, the most relevant social risks, identified as 
those marked as “high” or “very high” are listed.  

3 RESULTS AND DISCUSSION 

3.1 Life cycle assessment 
The most relevant environmental impact categories 
had a total contribution of 83.50% and are Resource 
Use, fossils (RU-f, measured in MJ) (33.30%), Eco-
toxicity, freshwater (ET-fw, measured in Compara-
tive Toxic Units – CTUe) (29.50%), and Climate 
Change (CC, measured in kg CO2 equivalents) 
(20.70%). The characterized results for these impact 
categories are presented in Table 1.  

 
Table 1. LCA results for the most relevant impact 

categories expressed per FU 
Modules CC [kg CO2 eq.] ET-fw [CTUe] RU-f [MJ] 

A1 1.26E+05 1.66E+07 8.50E+06 
A2 3.67E+04 3.67E+05 4.79E+05 
A3 1.62E+05 4.46E+05 1.69E+06 
A4 3.75E+04 3.75E+05 4.91E+05 
A5 3.56E+02 3.61E+04 1.03E+04 
B2 2.24E+04 2.92E+05 3.88E+05 
B4 3.82E+05 4.52E+07 1.34E+07 

Total 7.67E+05 6.33E+07 2.50E+07 
 
For all impact categories (including those not pre-
sented in Table 1), the most relevant life cycle stage 
is Module B4, with a contribution of 49.80%, 
71.43%, and 53.77% for CC, ET-fw, and RU-f, re-
spectively. The main reason for this is the great 
amount of raw material and energy needed for the 
production of the mixtures needed for the replace-
ment and rehabilitation activities. This conclusion is 
supported by the influence of Module A1 on the re-
sults, which is the second most influential stage in 
most impact categories, including ET-fw and RU-f. 
For CC, the second most relevant life cycle stage is 

Module A3. The least influential stage was Module 
A5, with contributions lower than 1% for most indi-
cators. Furthermore, the influence of Modules A2 and 
A4 in the results varied, but still considered to be rel-
atively low, with contributions ranging from 0.58% 
(A2 for ET-fw) to 4.89% (A4 for CC).  

Based on these findings, the most relevant pro-
cesses for the studied infrastructure and the defined 
system boundaries are related to raw material extrac-
tion and processing, as well as asphalt mixture pro-
duction.  

3.2 Life cycle costing 
The NPV of the structure amounted to 4.08 Mio€ for 
the defined FU and system boundaries. A breakdown 
per life cycle stage is presented in Figure 1. 

 
 

 
 
Figure 1. NPV per FU of assessed pavement structure. 

 
Two main contributors to the life cycle costs are 

highlighted: initial material costs (accounted for in 
Module A3) (40.83%), followed by maintenance ac-
tivities (35.92%). Within Module B2, winter service 
produces the highest costs, contributing about 
77.48% to this stage. In turn, Modules A2 and A5 
contribute only 2.14% and 5.48% to the total costs, 
respectively.  

In terms of cost categories, it is not possible to de-
fine a hotspot due to the nature of the different life 
cycle stage and the fact that in several cases, only 
lump sums could be used in the calculations.  

3.3 Social hotspot analysis 
Based on the approach described in Section 2.4, 

social risks were identified for the stakeholder cate-
gories of local community, value chain actors, and 
workers.  

The topics of biomass consumption, international 
migrant stock and migration flows present high risks. 
Biomass consumption is significant due to ecosystem 
disruption and the need for extensive land clearance 
for the extraction of raw materials and the preparation 
of the construction site. Furthermore, many economic 
sectors in Germany rely increasingly on migrant 
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workers, which could lead to increased risks related 
to discrimination, unfair working conditions and con-
flicts with the local community.  

Moreover, topics in relation to corruption, such as 
“active involvement of enterprises in corruption and 
bribery” and “anti-competitive behavior”, were also 
found to present a high social risk for all studied sec-
tors. Further social risks identified are related to gen-
der wage gap, fair salary, and trade unionism.  

4 CONCLUSIONS 

This contribution explored the use of LCSA in pave-
ment through a case study, focusing on potentials and 
challenges of this method in the road construction in-
dustry.  

One prominent challenge is ensuring consistent 
system boundaries since different methods require 
different levels of detail in the assessment. Further-
more, access to primary data remains a significant 
hurdle, particularly for LCC and S-LCA, where even 
reliable secondary data is limited. For instance, while 
some resources such as Baupreislexikon exist for 
LCC, they showed large deviations when compared 
to representative data from the Autobahn GmbH. 
Similarly, while secondary databases exist for S-
LCA, they may not account for all relevant stakehold-
ers, affecting the completeness of the assessment. In 
this case study, social aspects connected road users 
(consumers) were not considered since they are not 
part of the scope of the used database.  

Nonetheless, LCSA still offers several potentials. 
In particular, hotspots can be systematically identi-
fied, up to the level of processes and even elementary 
flows, allowing for optimization while avoiding bur-
den-shifting among dimensions. Moreover, decisions 
based on the sustainability performance of the pave-
ment can be made on a more holistic basis, consider-
ing the three dimensions of sustainability. 
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1 INTRODUCTION  
For a given climate, designing flexible pavements in-
volves defining layers— number, thickness, and ma-
terials—to bear mechanical loads. Rising construc-
tion costs have prompted efforts to optimize these 
layers to reduce expenses (Statistisches Bundesamt, 
2024). Concomitantly, the European Green Deal aims 
for EU climate neutrality by 2050. It also highlights 
the construction sector's role, which is responsible for 
5–12% of total Greenhouse gas (GHG) emissions 
(European Commission; European Commission, 
2019). Reducing emissions in road construction is 
therefore crucial for achieving this goal. Optimizing 
layer properties has the potential to reduce costs and 
emissions but focusing solely on one or the other 
might lead to either economically unviable or envi-
ronmentally unfriendly solutions. Thus, the optimiza-
tion process must balance cost and environmental im-
pact. 

In this regard, several studies have been carried out 
with the goal of optimizing pavement layer properties 
(or a subset of those) with respect to performance, 
economic, and environmental impacts (or a subset of 
these). This is typically achieved through the applica-
tion of a multi-objective optimization (MOO) frame-
work. Layered elasticity and temperature-independ-
ent layered viscoelasticity (not simultaneously) are 
usually used to assess the mechanical performance. 
The materials, their transportation, and construction 
costs were taken into account for the economical as-
pects. The materials extraction, transportation, and 
construction were considered for the environmental 
impact. The developed frameworks were applied to 
assess the effectiveness of balancing performance, 
costs, and environmental impact. For the studies  (Inti 
and Anjan Kumar, 2021) and (Wang and Chong, 
2014) the benefits of their framework are not clearly 
indicated, while (Demir et al., 2023) demonstrated a 
reduction of 30 % and 31 % in environmental impact 

and economic aspect (not simultaneously). The 
frameworks were solved with a particle swarm algo-
rithm, Genetic Algorithm (GA), or manually. How-
ever, none of the aforementioned studies considered 
the behaviour of the asphalt layers as thermos-visco-
elastic. 

2 OBJECTIVE AND METHODOLOGY   

The objective of this paper is to present a MOO 
framework to optimize the layer properties—such as 
number, thickness, and materials—of flexible pave-
ments, considering environmental and economic im-
pacts, while ensuring thermo-viscoelastic stability. 
For this, an optimization framework is developed. 

The framework consists of five parts: (1) a material 
database, (2) the set of decision variables, (3) the two 
constraints, (4) the objective functions and (5) an op-
timization algorithm solver. The material database 
hosts information about the costs, environmental im-
pacts, and mechanical properties of each material. 
Two objective functions are defined; one accounts for 
the environmental impacts and the other for the eco-
nomic aspect. Ultimately, the two objective functions 
are combined by weighing of each aspect to create a 
single objective function. Accessing this material da-
tabase, a GA is applied to this objective function, in 
order to minimize the environmental impact and the 
economic aspect. In general terms, as part of the GA, 
several designs – herein defined as an arrangement of 
the layers numbers, materials, and thicknesses – are 
generated. To ensure thermo-viscoelastic stability 
compliance with the German guidelines (For-
schungsgesellschaft für Straßen- und Verkehrswesen, 
2024) these combinations are constrained through as-
sessment of the fatigue, i.e., horizontal tensile strains 
at the bottom of the bituminous base layer. The strains 
are calculated according to thermo-viscoelasticity 
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theory applied to a layered domain (representing a 
flexible pavement) subjected to loadings (represent-
ing traffic). In addition, the minimum and maximum 
layer thickness is limited by further constraints. The 
layer properties providing the minimal value of the 
fitness function and complying with the thermo-vis-
coelastic stability are selected as the optimal solution. 
This framework is posteriorly applied to two cases, 
differentiating themselves from each other by the 
temperature imposed within the top layer (represent-
ing asphalt concrete), one considering a constant tem-
perature and the other varying within the year. 

3 MULTI-OBJECTIVE OPTIMIZATION 
FRAMEWORK DEVELOPMENT 

3.1 Material database 
Table 1 presents the properties of several materials 
utilized in a typical German road pavement. The top 
layers, comprising the surface, binder, and base lay-
ers, are made of Asphalt Concrete (AC) and are as-
sumed to exhibit thermo-viscoelastic material behav-
ior. To account for this behavior, we assume thermo-
rheological simplicity and apply the time-temperature 
superposition principle with Williams–Landel–Ferry 
(WLF) constants C1 = 30 and C2 = 200 °C (Morland 
and Lee, 1960). The Adaptive Layered Viscoelastic 
Analysis (ALVA) software (Skar and Andersen, 
2020) is utilized to compute thermo-viscoelastic 
strains; the viscoelastic properties utilized herein are 
the default values of ALVA. The remaining layers are 
time- and temperature-independent and associated 
with the Poisson’s ratio and the Young’s modulus. 
Also presented in Table 1 are the GHG emissions and 
costs related to the A1-A3 phases of each material.   

3.2  Decision variables  
The decision variables of the MOO framework are the 
type and material of the layers to be included in the 
pavement structure and the respective thickness.  
Amongst the materials detailed in Table 1, the frame-
work is allowed to optimize a pavement containing 
one to three layers. Also included in Table 1 is the 

information on whether a given layer type and mate-
rial is mandatory to be included in the pavement.    

3.3 Objective functions  
The single objective function is additively composed 
of OF1 (CO2-eq) and OF2 (€) accounting respectively 
for the environmental impacts (Eq. (1)) and costs (Eq. 
2)) associated with the pavement life cycle phases 
A1-3, A4, and A5.  
where n is the number of layers, ρi is the density of 
layer i (kg/m³), di is the thickness of layer i (mm), wi 

is the width of layer i (m), li is the length of the layer 
i (m), GHGA1-A3,i  are the GHG emissions associated 
with phases A1-A3 of layer i (CO2-eq./kg), 
GHGA4  are the GHG emissions associated with phase 
A4 (CO2-eq./(kg∙km)) , y is the distance between the 
asphalt mixing plant and construction site (km), 
GHGA5  are the GHG emissions associated with phase 
A5 (CO2-eq./(kg∙day)),  and t is the construction rate 
(kg/day).  

where CA1-A3,i  are the costs associated with phases 
A1-A3 (€/kg), CA4 are the costs of phase A4 
(€/(kg∙km)), and CA5 are the costs of phase A5 
(€/(kg∙day)). 
The two objective functions are normalized (Eq. (3)): 

𝑂𝐹𝑗,norm =
𝑂𝐹𝑗 −min(𝑂𝐹𝑗)

max(𝑂𝐹𝑗) − min(𝑂𝐹𝑗)
 (3) 

where j = 1 or j = 2  and OFj,norm is the normalized 
objective function OFj. 
OF1  and OF2  are combined into one single objective 
function through the weighted sum method with user-
defined weights (Eq. (4)): 
 𝑂𝐹c = 𝑤 ∙ 𝑂𝐹1,norm + (𝑤 − 1) ∙ 𝑂𝐹2,norm (4) 

𝑂𝐹1 = 

∑
𝜌𝑖 ∙ 𝑑𝑖 ∙ 𝑤𝑖 ∙ 𝑙𝑖 ∙

(𝐺𝐻𝐺A1−A3,𝑖 + 𝐺𝐻𝐺A4 ∙ 𝑦 + 𝐺𝐻𝐺A5 ∙ 𝑡)

𝑛

𝑖=1

 
(1) 

Table 1. Structural, mechanical, environmental, and economic properties of the layer structure 
Layer type Layer materials  Mandatory Poisson's 

ratio ν 
Young’s 
modulus E 

GHG emissions 
A1-A3 

Costs A1-A3 

   [–] [MPa] [CO2-eq./kg] [€/kg] 
Top layer Asphalt x 0.35 - 0.07732 0.09335 
Base layer  Hydraulic bounded layer  0.25 2000 0.08 0.04135 

Stabilization layer  0.25 2000 0.08 0.035 
Crushed stone base layer   0.5 325 0.04 0.0135 

Frost  
protection layer  

Frost protection layer  0.5 150 0.03 0.02033 
Frost resistant material   0.5 75 0.03 0.18 

Ground   x 0.5 45 - - 

𝑂𝐹2 = 

∑
𝜌𝑖 ∙ 𝑑𝑖 ∙ 𝑤𝑖 ∙ 𝑙𝑖 ∙

(𝐶𝐴1−𝐴3,𝑖 + 𝐶𝐴4 ∙ 𝑦 + 𝐶𝐴5 ∙ 𝑡)

𝑛

𝑖=1

 
(2) 



3.4 Constraints 
There are two constraints, one associated with the 

decision variables and the other with the compliance 
of the bottom-up fatigue criteria. The decision varia-
ble constraint sets lower and upper thickness limits 
for each layer to ensure that the created pavement de-
sign complies with the German guidelines (For-
schungsgesellschaft für Straßen- und Verkehrswesen, 
2024).The bottom-up fatigue criteria consist of quan-
tifying the accumulation of strains caused by the traf-
fic over the lifetime of a pavement. For this, the 
ALVA software (Skar and Andersen, 2020) was uti-
lized to calculate the strains caused by a given number 
of Equivalent Standard Axle Loads (ESALs). Multi-
ple runs were executed for the quantification, each 
representing a pavement structure subjected to these 
ESALs over one day, assuming a uniform and con-
stant temperature within the top layer over this 
timespan. The temperature effects on the viscoelastic 
default properties were incorporated within the 
ALVA through the application of a shift factor (Wil-
liams et al., 1955). The collection of simulations for 
each day– i.e., calculated strains—required for the 
lifetime of a pavement were accumulated through the 
following formula (Forschungsgesellschaft für 
Straßen- und Verkehrswesen, 2024):  
𝑁acc = 𝑚 ∙ 𝑎 ∙ 𝜀horz

𝑘  (5) 

where Nacc are the acceptable load repetitions, m rep-
resents the adaption factors presented in Table 2, 
a = 2.8283 and is the fatigue regression parameter, 
εhorz is the horizontal strain (‰), and k = −4.194 is a 
fatigue regression parameter. The parameters m, a, 
and k were calibrated to match the German guidelines 
(Forschungsgesellschaft für Straßen- und Verkehr-
swesen, 2024).  
Table 2. Adaption factors m  

Pavement layer  Value 
Frost protection layer  37373.73 
Hydraulic bounded base layer 1028.3 
Stabilization layer  918.72 
Crushed stone base layer  30094.0 
Ground (Fully bounded layer structure) 26297.0 

The thermo-viscoelastic stability of the pavement de-
signs is assessed for each simulation against the 
Miner rule (Miner, 1945).  

3.5 Optimization algorithm  
The MOO problem was solved by utilizing a GA. The 
motivation for the use of an evolutionary algorithm is  
its ability to handle complex constraints, and no re-
quirement for gradient information or function conti-
nuity, and its ability to avoid getting trapped into local 
optima compared to traditional optimization methods. 
Furthermore, the formulation of the MOO framework 

was written in Matlab® programming language, ver-
sion R2022b.  

4 APPLICATION OF THE FRAMEWORK   

To demonstrate the importance of accounting for 
thermo-viscoelasticity in the context of pavement de-
sign, two cases were considered for the application of 
the framework. They differ by the temperature levels 
within the top layer, detailed hereafter.  

4.1 Case studies setup  
The first case, named Case 1, considers the top layer’s 
temperature to vary yearly in a sinusoidal shape ac-
cording to Eq. (5):  

𝑇day = 15 + 20 ∙ sin (
𝐿 ∙ 2 ∙ 𝜋

365
) (6) 

where Tday is the daily temperature variation at day L 
(°C), and L stands for the considered day of the year 
(d). The second case, named Case 2, considers the 
mean average annual temperature of Tday. The shift 
factor uses as temperature level the difference be-
tween the top layer’s temperature and its annual aver-
age, i.e., 15 °C (Williams et al., 1955).  

The non-default values of the ALVA software pa-
rameters, including the traffic speed (80 km/h) and 
load level (0.69 MPa, equivalent to one ESAL), were 
considered in both cases. Further, 1∙108 ESALs were 
considered over an analysis period of 30 years. 

Environmental impact and economic costs were 
considered to have equal importance, i.e. w = 0.5.  
The parameters considered in the objective functions 
are presented in Table 3, whereas the parameters re-
lated to the GA are listed in Table 4. 
Table 3. Objective function parameters 

Parameter name Units Value 
GHG emissions A4  [CO2-eq./(kg∙km)] 0.01 
GHG emissions A5 [€/(kg∙day)] 0.04 
Costs A4 [€/(kg∙km)] 0.002 

Costs A5 [€/(kg∙day)] 0.02 
Distance between mixing 
plant and construction site 

[km] 50 

Construction rate [kg/day] 1∙10-5 

Table 4. GA parameters  
Parameter name Units Value 
Population size  [–] 100 
Generation size  [–] 35 
Crossover rate  [%] 90 
Tournament size   [–] 3 
Mutation rate  [%] 15 
Penalty factor  [–] 500 
Elite rate   [%] 15 
Function tolerance [–] 1∙10-5 

Constraint tolerance  [–] 0 



4.2 Results  
The results obtained for both case studies are pre-
sented in Table 5. As can be seen, considering sea-
sonal temperature effects yields a thicker AC layer 
and an additional frost protection layer. As expected, 
the subsequent environmental impact and total costs 
are higher for Case 1. Utilizing the layer properties of 
Case 2 with Tday would not satisfy the constraint re-
lated to thermo-viscoelastic stability. This led to a de-
sign that withstands the applied traffic loads and 
yearly temperature variations only for 6.34 years, in-
stead of the required 30 years.  
Table 5. Optimization results for both case studies 

Optimization results  Unit  Case 1 Case 2  
Asphalt layer thickness [mm] 435 375 
Second base layer thick-
ness 

[mm] 0 0 

Frost protection layer 
thickness 

[mm] 200 0 

Environmental impacts [CO2-eq.] 3.0∙107 1.8∙107 
Total Costs  [€] 6.2∙106 3.8∙106 

5 CONCLUSION  

In this study, a framework was developed to optimize 
the pavement design with respect to environmental 
impact and economic aspects, while ensuring compli-
ance with thermo-viscoelastic stability. The frame-
work consists of five components: a material data-
base, design variables, two objective functions 
(environmental impact and cost), a genetic algorithm-
based optimization solver, and two constraints, of 
which one is related to thermo-viscoelastic stability.  

To demonstrate the significance of thermo-viscoe-
lastic considerations, the framework was applied to 
two cases: one with a sinusoidal temperature variation 
in the top layer and another one with a constant tem-
perature. The resulting pavement design of the case 
with temperature variation resulted in higher environ-
mental impact and higher costs. However, using the 
layer properties from the constant temperature case 
while accounting for temperature variation did not 
meet the constraint related to thermo-viscoelastic sta-
bility.  

The integration of seasonal temperature effects into 
the optimization process of pavement design ensures 
cost efficiency and a reduction of environmental im-
pact. This work marks the first step towards the ac-
ceptance of a more realistic optimization framework 
for pavement design.    

In Future work, it is worth exploring the inclusion 
of several thermo-viscoelastic layers with non-uni-
form temperature levels, and the expansion of the ma-
terial database.  
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1 INTRODUCTION
Noise pollution has become the second largest

harm among the environmental factors that affect
human health. Especially, road traffic noise has
seriously affected the physical and mental health and
life quality of drivers, passengers, and surrounding
residents[Foraster et al. 2016, Lee et al. 2019]. At
present, research on the prevention and control of
traffic noise pollution mainly targets residents along
highways, and still relatively little research has been
conducted on the impact of noise on main users of
highways, namely drivers and passengers[Petri et al.
2021, Gilani & Mir 2021].
In tunnels, sounds are easily reflected by arched
tunnel wall, which produces a much larger reflection
area of sound waves than that outside tunnels. As a
result, the noise generated inside tunnels is much
louder than that outside tunnels[Zhang et al. 2020].
Compared to that in short tunnels, noise in long
tunnels propagates longer path and is not easy to
dissipate, thus posing a severer impact[Qin et al.
2023, Jiang et al. 2022]. At present, most of the
tunnels built in China have not undergone sound
absorption and noise reduction treatment. In this
case, noise waves are reflected multiple times on the
tunnel wall, and the direct sound and the reverberant
sound are superimposed multiple times, thus a large
noise is produced[Zhao et al. 2022, Lokhande et al.
2023].The noise inside tunnels is mainly caused by
traffic noise, which is a kind of mixed noise
composed of noise generated by vehicle engines and
that generated by the interaction between tires and
pavements[Mikhailenko et al. 2022]. The noise
generated by the interaction between tires and
pavements can be reduced by improving pavement

materials. The type of pavement surface has a
significant influence on reducing tire/pavement
noise, and the low noise asphalt pavements are used
to reduce traffic noise[Leng et al. 2019].
The low noise asphalt pavements generally
classified into two categories, namely porous asphalt
(PA) pavement and dense-graded asphalt concrete
(DAC). At present, little research have
systematically conducted the noise comparison of
different types of pavement in tunnels of varying
lengths.

2 EXPERIMENTAL DESIGN

2.1 The basic information of tested tunnels
Two tunnels, Dahongling No.1 Tunnel and
Dahongling No.2 Tunnel were selected in this
research, which were short for No.1 Tunnel and
No.2 Tunnel respectively in later descriptions. They
are both one-way, two-lane tunnels. The former is a
short tunnel with a length of approximately 120 m
while the latter is a long tunnel with a length of
about 5000 m. The surface layer in No.1 Tunnel is
dense-graded asphalt concrete (DAC) with nominal
maximum aggregate size (NMAS) of 13.2 mm,
namely DAC-13. For the No.2 Tunnel, three types of
surface layers, including DAC-13, the single-layered
and double-layered PA pavement with NMAS of
13.2 mm, namely PA-13, were investigated.
Furthermore, the pavement in the open area, located
in the connection section between the No.1 Tunnel
and No.2 Tunnel was also surveyed as the control
group. Figure 1 shows the detailed information of
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pavements in the two tunnels as well as the
pavement in the open area.

Figure 1. Schematic diagram of pavement structure in the
two tunnels.

2.2 Noise measurement methods
(1)Measurement of roadside noise
Multifunctional sound level meters were employed
to test the roadside noise. It was measured on the
artificial inspection lane in tunnels and outside the
road guardrail in the open area according to the
Statistical Pass-by (SPB) method. The sound level
meters should be fixed on a tripod at a height of 1.2
m (approximately human ear height) above the plane
of the artificial inspection lane. In this test, there was
no traffic flow since the lane was not opened to
traffic, and thus only traffic noise caused by a single
vehicle was measured.
(2)Measurement of longitudinal noise attenuation
The noise levels were measured respectively when
the microphones were placed on the central line of
the tunnel at distances of 30 m, 60 m, 90 m, 120 m
and 150 m away from the sound source in the
longitudinal direction. For each position, two
measuring height were included, respectively 1.2 m
and 2.6 m. During the test, the sound source should
be maintained stable. Linear fitting on test results
was performed. The slope of the fitting formula was
regarded as the longitudinal noise attenuation rate.

3 NOISE COMPARISON ANALYSIS

3.1 Noise in tunnels of varying lengths
(1)Roadside noise
The overall noise levels of roadside noise on the
DAC-13 pavement were measured on the artificial
inspection lane in No.1 Tunnel and No.2 Tunnel, as
well as outside the road guardrail in the open area as
the control group, at speeds of 60 km/h, 80 km/h,
and 100 km/h, respectively. The results are shown in
Figure 2.

Figure 2. Roadside noise level in two tunnels.
Figure 2 show that, at a speed of 60 km/h, the
average noise levels corresponding to the pavement
in the open area, No.1 Tunnel, and No.2 Tunnel
were 66.2 dBA, 77.9 dBA, and 79.7 dBA,
respectively. At a speed of 80 km/h, the average
noise levels were 70.0 dBA, 80.3 dBA, and 82.5
dBA, respectively. At a speed of 100 km/h, the
average noise levels were 74.7 dBA, 83.8 dBA, and
84.6 dBA, respectively. Compared with the roadside
noise in the open area, due to the significant
influence of reverberation in tunnels, the roadside
noise on the artificial inspection lane in tunnels
increased significantly, with an average increase of
more than 10 dBA.
In addition, the increase was more significant for the
No.2 Tunnel, which is longer than No.1 Tunnel. The
noise on the artificial inspection lane in the longer
tunnel increased by about 2 dBA compared with that
in the shorter one, No.1 Tunnel. This may be
attributed to the significant reverberation in the
longer tunnel. For the same pavement surface DAC-
13, the noise on the artificial inspection lane in the
same tunnel increased with measurement speeds.
(2)Longitudinal noise attenuation
Figure 3 shows attenuation characteristics of the
noise level on the DAC-13 pavement in two tunnels
within 150 m from the sound source at an interval of
30 m. The fitting results were also included. The
slope of the fitting results was employed to evaluate
longitudinal noise attenuation characteristics.

Figure 3. Noise attenuation characteristics in two tunnels.



Figure 3 showed that the longitudinal noise
attenuation rate for the pavement in the open area,
No.1 Tunnel and No.2 Tunnel was 0.16 dBA/m,
0.10 dBA/m, and 0.08 dBA/m, respectively, among
which the noise attenuation rate was the largest on
the pavement in the open area, while the smallest in
No.2 Tunnel. This demonstrates that the longer
tunnels exhibit more significant noise reverberation
effects and smaller noise attenuation rates. In longer
tunnels, the noise is different to dissipate with
significant reverberation effects.

3.2 Noise on different types of pavements
(1)Roadside noise
The overall noise levels of roadside noise on the
DAC, single-layered and double-layered PA
pavement in No.2 Tunnel were measured at speeds
of 60 km/h, 80 km/h, and 100 km/h, respectively, as
shown in Figure 4.

Figure 4. Roadside noise level on different types of
pavements.
From Figure 4, it can be seen that, at a speed of 60
km/h, the overall roadside noise levels on the DAC
and single-layered and double-layered PA pavement
in No.2 Tunnel were respectively 79.7dBA, 77.2
dBA, and 74.8 dBA, respectively. At a speed of 80
km/h, the overall roadside noise levels were 82.5
dBA, 78.2 dBA, and 78.5 dBA, respectively. At a
speed of 100 km/h, the overall roadside noise levels
were 84.6 dBA, 80.7 dBA, and 80.0 dBA,
respectively. Compared with the DAC, the roadside
noise on PA pavement was lower. Sound absorption
could be realized through the PA pavement surface
since there were many interconnected pores therein.
Moreover, aerodynamic noise generated at the
contact area between the tire and the pavement, as
well as the noise propagated outward by the sound
source were mainly absorbed by the porous surface
layer. Therefore, the roadside noise on the artificial
inspection lane on the PA pavement section was
significantly reduced, with an average reduction of
more than 3.5 dBA.
The noise reduction on the double-layered PA
pavement was more significant than that on the

single-layered PA pavement, and the roadside noise
on the artificial inspection lane on the double-
layered PA pavement was further reduced by about
1 dBA compared with that on the single-layered PA
pavement. The comparison results demonstrated that
PA pavement was more effective in reducing the
roadside noise on the artificial inspection lane in the
long tunnel, and the double-layered PA pavement
exhibited a better noise reduction effect.
(2)Longitudinal noise attenuation
The longitudinal noise attenuation characteristics on
DAC, single-layered and double-layered PA
pavement in No.2 Tunnel were measured to obtain
the noise attenuation law of three types of pavement
sections in tunnels. The noise attenuation rates along
the longitudinal direction in the tunnel were derived
by linearly fitting the noise levels along the
longitudinal direction. The attenuation curve of
noise levels in the longitudinal direction, as well as
the fitting results, were shown in Figure 5.

Figure 5. Noise attenuation characteristics on different types
of pavements.
Based on the noise attenuation curve and the slopes
of the fitting results, it was obviously that there were
significant differences in the longitudinal noise
attenuation rates on the three types of pavements.
For DAC, single-layered and double-layered PA
pavement, the longitudinal noise attenuation rates
were 0.08 A dB/m, 0.10 dBA/m and 0.13 dBA/m,
respectively. This indicated that in the same tunnel,
the longitudinal noise attenuation rate on DAC was
the smallest, while that on double-layered PA
pavement was the largest. Therefore, PA pavement
contribute to increasing the longitudinal noise
attenuation rates to reduce noise in tunnels, thus
improving the acoustic environment in tunnels.

4 CONCLUSIONS
In this research, onsite survey of noise
characteristics in the two tunnels were conducted,
including the roadside noise and noise attenuation
properties. For the same type of pavement, the noise
characteristics inside and outside tunnels were
analyzed. For the same tunnel, the impacts of



pavement types on the noise characteristics were
investigated. Based on the test results and analysis,
the following conclusions were obtained:
(1)For the same type of pavement DAC-13,
compared with pavement in the open area, the
roadside noise in tunnels increased significantly,
with an average increase of more than 10 dBA. The
roadside noise can characterize noise characteristics
in tunnels considering the reverberation effects.
(2)For the DAC pavement, the longitudinal noise
attenuation rates in the two tunnels were 0.10
dBA/m and 0.08 dBA/m respectively. The
longitudinal noise attenuation rates demonstrated
that the reverberation effect in tunnel was
significant.
(3)The roadside noise on the artificial inspection
lane on the PA pavement section was significantly
reduced, with an average reduction of more than 3.5
dBA. The longitudinal noise attenuation rates were
greater of PA pavement. This demonstrated that the
PA pavement with large pore structures could
significantly improve the acoustic environment on
tunnels, and the double-layered PA pavement
contributes to better noise attenuation performance.
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6.1 
CHARACTERIZING UNBOUND AGGREGATES FOR 

PAVEMENT DESIGN AND PERFORMANCE PREDICTION 



1 INTRODUCTION 
Unbound granular materials (UGMs) composed of 
crushed rock are extensively used in road construc-
tion. Their performance in unbound road layers has a 
profound effect on road’s service life. A considerable 
number of experimental, numerical and field studies 
have thus been performed to clarify the relationship 
between UGMs’ material parameters and their me-
chanical behavior with respect to their stiffness and 
resistance to permanent deformation. In particular, 
the influence of UGM gradation has been extensively 
studied, e.g. (Yideti, et al., 2013; Erlingsson & 
Rahman, 2013). There is also strong experimental ev-
idence that adequate resistance of aggregates to 
crushing, and abrasion is crucial for UGM perfor-
mance, as aggregate breakage may significantly in-
crease permanent deformation accumulation rates and 
compromise stiffnesses of UGMs (Saeed, et al., 
2001). A quantitative relationship between the 
strength of the aggregates and UGM performance is 
however not fully understood yet. This issue is partic-
ularly important with respect to incorporating mar-
ginal aggregates in road UGMs (Zhang, et al., 2021). 
This study seeks to contribute to clarifying this issue, 
by investigating computationally the effect of aggre-
gate breakage on the UGM performance under triax-
ial loading.  

Etikan et al. (2024) proposed recently new Discrete 
Element Method (DEM) modelling framework to 
model the aggregate breakage in UGMs. The frame-
work was shown to capture accurately the effects of 

aggregate gradation, fracture toughness and load level 
on aggregate crushing in UGMs subjected uniaxial 
compressive loads. Presently, the modelling approach 
is extended to triaxial loading conditions and the 
DEM prediction are compared to the experimental re-
sults by Rahman & Erlingsson (2013). The developed 
model is used to investigate the influence of aggre-
gate breakage on UGM response to triaxial loading 
for two different aggregate types. 

2 COMPUTATIONAL METHODOLOGY 

2.1 DEM Modelling 
DEM modelling is employed to evaluate the effect of 
aggregate fracture in UGMs under monotonic triaxial 
tests. The model is implemented using commercial 
software, PFC3DTM (Itasca Consulting Group Inc., 
2019) where contact and statistical fracture force 
models are incorporated as subroutines as presented 
below in Sections 2.2 and 2.3. The aggregates are rep-
resented as spherical particles in DEM. In what fol-
lows the particles used in experiments will be referred 
to as “aggregates”, whereas the those employed in 
DEM will be designated as “particles”. The interlock 
effect in UGM is applied by constraining the rotation 
of particles. Each particle is characterized by its den-
sity, stiffness, toughness, size, friction (𝜇) and damp-
ing (𝜂) coefficients. The model geometry is illustrated 
in Figure 1a along with the loading and boundary con-
ditions used. The boundary of the system is generated 
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by the confining cylinder which consists of three 
components. The radial wall represents latex mem-
brane with a shear modulus of 1 GPa as implemented 
by de Bono & McDowell (2014), while the horizontal 
top and bottom walls represent the loading head and 
the pedestal respectively. The velocity, 𝑢, of the bot-
tom wall is zero through the simulation. Top and bot-
tom walls are assigned a stiffness 200 times higher 
than the particles to represent rigid bodies. The fric-
tion between the confining cylinder and particles is 
set to zero.    

In DEM model, particles are generated randomly 
within the confining cylinder space, and gravity is ap-
plied to allow them to fall. Next, the loading head is 
placed on top of the UGM, and the UGM is com-
pressed from both the radial wall and the loading head 
until the designated confining stress, 𝜎𝐶 , is reached. 
The confining stress is calculated for each wall as the 
sum of the forces arising from particle-wall contacts, 
divided by the area of the respective wall. Finally, the 
UGM is compressed in displacement control mode, 
while maintaining the confining stress on the radial 
wall at designated 𝜎𝐶 . The deviatoric stress, 𝜎𝑑 , is cal-
culated as the difference between the stress ap-
plied on the loading head and the confining stress. 

The position and the velocity of each particle are 
calculated through explicit numerical integration of 
Newton’s laws of motion. The external forces acting 
on the particles are generated by gravity and through 
interactions with other particles or walls. Further-
more, the velocity of each accelerating particle is af-
fected by 𝜂, as introduced by PFC3DTM, where it can 
take any value between 0 and 1. It allows particles to 
reach a steady state after falling due to gravity. It af-
fects the applied force on particles as 𝐹 − 𝐹𝜂 =  𝑚𝑎, 
where  𝐹 is the force applied on a particle, and 𝑚 and 
𝑎 represents the mass and the acceleration of the par-
ticles respectively. 𝐹𝜂 = 𝐹𝜂 is the damping force.  

 
Figure 1. a) DEM model of UGM at 𝜎𝐶 = 10 kPa and 𝜎𝐶 = 0, b) 
Overlapping of two particles in contact. 

2.2 Contact Model 
The normal contact between two particles is illus-
trated in Figure 1b. The contact force model applied 
in this study was developed by Olsson et al. (2019a), 

based on the experimental results from Cervera et al. 
(2017). The normal contact force, FN, is derived as a 
function of overlapping, h, between particles, and 
their relation is expressed in three stages, as shown in 
Eq. (2). The first stage represents the crushing of sur-
face asperities where the relation between h and FN is 
observed to be linear until the depth of surface asper-
ity, hs. Subsequently, FN follows Hertz contact theory 
until the indentation depth hL. which corresponds to 
the onset of shear driven damage, resulting in linear 
relation between FN and h. The values of hs and hL are 
reported as 0.02 and 0.08 mm, respectively (Cervera, 
et al., 2017). This result in the following normal 
contact model: 

𝐹𝑁 =  {

(𝐹𝑆/ℎ𝑆)ℎ,                                                                     ℎ ≤ ℎ𝑠

𝑘𝑝 (ℎ − ℎ1)1.5,                                                ℎ𝑠  ≤ ℎ ≤ ℎ𝐿

𝑘𝑝 (ℎ𝐿 − ℎ1)1.5 + 1.5 𝑘𝑝 √ℎ𝐿 − ℎ1 (ℎ − ℎ𝐿),    ℎ𝐿  ≤ ℎ

 (1) 

where Fs = 100 N (R0 / 6.25 mm)0.5. The effective con-
tact radius is denoted as R0 = (1/R1+1/R2)-1 where R1 
and R2 represent the radius of the overlapping parti-
cles, and h1 = hs - (Fs/kp)2/3.  The contact stiffness is 
kp, and given by Hertz (1882) contact theory as fol-
lows:  

𝑘𝑝 = (2/3)𝐸𝑒𝑓𝑓𝑅0
0.5  (2) 

where the effective Young’s modulus between parti-
cles in contact is represented as Eeff = ((1-v1

2)/E1 + (1-
v2

2)/E2)-1, with E1,2 and v1,2 denoting the Young’s 
modulus and Posson’s ratio of the particles in contact, 
respectively.  

2.3 Statistical Fracture Force Models and 
Fragmentation Modelling 

To be able to acquire an accurate fracture response, 
the assessment of these critical fracture forces, 𝐹𝑓, is 
essential. The fracture forces are assigned based on a 
statistical fracture force model proposed by Etikan et 
al. (2025). The fracture force model in their study ac-
counts for two sources of variability in aggregates 
strength: size dependency and aggregate shape. The 
cumulative density function for critical fracture 
forces, 𝑆,  is presented in Eq. (3). 

𝑆 = 1 − ∫ ∫ 𝑝(𝜉)𝑝(𝑅)𝑒
−(

𝐹𝑓

𝜎𝑊𝑅2𝜉)
𝑚

𝑅3

𝑉𝑟𝑒𝑓
∞

0
𝐼0𝑑𝜉

𝑅𝑁+1

𝑅𝑁
𝑑𝑅 (3) 

where 𝜎𝑊 and 𝑚 are the material parameters, and 𝑅𝑁 
and 𝑅𝑁+1 represent the half of smaller and larger size 
respectively. The reference volume, 𝑉𝑟𝑒𝑓, is intro-
duced for dimensional consistency. The stress distri-
bution within an aggregate is presented as 𝜎(𝐱). The 
probability distribution for the particle size, 𝑝(𝑅), 
and for particle shape, 𝑝(𝜉), are given by: 

𝑝(𝑅) =
2𝑅𝑁

2 𝑅𝑁+1
2

(𝑅𝑁+1
2 −𝑅𝑁

2 )𝑅3
 (4) 

𝑝(𝜉) =
𝑛

𝐼0
𝜉𝑛−1 exp[−𝜉𝑛] (5) 

a) b) 



where n controls the scatter of the fracture force dis-
tributions, I0 determines the median value of I which 
represents the stress state of an aggregate as shown:    

𝐼 = ∫ �̃�(𝐱)𝑑�̃�
�̃�

 (6) 

where 𝜎(𝐱) = �̃�(𝐱)𝐹𝑓/𝑅2 and 𝑉 = �̃� 𝑅3 are the nor-
malized variables.  

The particle will fracture when FN exceeds Ff for a 
given contact pair. Once this condition is met, the 
Young’s modulus of the particle is reduced according 
to 𝐸𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑑 = 𝐶𝑊𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙, where 𝐶𝑊 is a weakening 
coefficient, and 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝐸𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑑 denote the 
Young’s modulus of the particle before and after frac-
ture, respectively. The range of 𝐶𝑊 is between 0 and 
1. This coefficient is applied to simulate the local set-
tling that occurs after a particle fractures. According 
to Eq. (3) – (6), the distribution of 𝐹𝑓 is defined by 
three material parameters: 𝜎𝑊, 𝑚 and 𝑛. While post-
fracture behavior of the particle is defined by 𝐶𝑊.  

3 COMPUTATIONAL STUDY 

The model presented in the previous section is used 
to simulate the monotonic triaxial tests conducted by 
Erlingsson & Rahman (2013) on UGMs composed of 
high strength gravel aggregates, referred to as SG1. 
Contact and fracture force model parameters, i.e. 
𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙, 𝐶𝑊, density,𝜌, Poisson’s ratio, 𝜈, 𝜎𝑊, 𝑚 and 
𝑛 are identified following Etikan et al. (2024, 2025) 
and presented in Table 1. 

 
Table 1.  Parameters of contact and fracture force 
models. ________________________________________________ 
𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙    CW       σW       m           n     v        𝜌 ______   ____     ____     ____   ____   ____   _____ 
  GPa          -      MPa        -          -          -   𝑔/𝑐𝑚3 ________________________________________________ 
 45   0.3      76.04    4.69        5.07 0.15  2.65 ________________________________________________ 
 

The SG1 UGM used by Erlingsson & Rahman 
(2013) was compacted to cylindrical confinement 
with a volume of 5.3 L and 150 mm diameter.The 
gradation of the UGM followed the theoratical Fuller 
curve, 𝐺𝑉 = (𝑑/𝑑𝑚𝑎𝑥)0.5, where  𝑑 represents the ag-
gregate size, 𝑑𝑚𝑎𝑥 is the maximum aggregate size and 
𝐺𝑉 is the cumulative volume distribution. The 
gradation curve of SG1 is presented in Figure 2 along 
with the particle size distribution used in DEM 
simulations. As may be seen, in simulations a cut-off 
is introduced at 4 mm for computational effiency. The 
volume of particles smaller than 4 mm is distrubuted 
proportionally to other sieve sizes. The porosities of 
the UGM in the experiments and simulations are 19% 
and 34% respectively.   

In DEM model, particles are generated uniformly 
between 4 and 31.5 mm. Total of 9208 particles are 
generated. To achieve the densest particle arrange-
ment in DEM, particles are generated in 10 layers 
with the initial condition of 𝜇 = 0 and 𝜂 = 0.1. Once 

particles are settled on the bottom of the cylinder, 𝜇 
is set to 0.7, following Olsson et al. (2019a) and 
Etikan et al. (2024). Two levels of confinement stress, 
𝜎𝐶 =10 and 20 kPa are simulated. For each 𝜎𝐶the 
simulations are conducted with and without particle 
breakage, in order to examine the effect of breakage 
on UGM performance. Furthermore, for 𝜎𝐶 = 20 
kPa, triaxial test is also conducted with fracture force 
model parameters adjusted to represent marginal ag-
gregates: 𝑚=6.51, 𝜎𝑊=15.5 MPa and 𝑛=1.67 are 
used, corresponding to the ones measured for rela-
tively weak granite aggregate by Etikan et al. (2025).  

 
Figure 2. Gradation used in experiments and in DEM model. 

4 RESULTS AND DISCUSSION 

The simulation results of monotonic triaxial tests 
compared to experimental results by Erlingsson & 
Rahman (2013) in Figure 3, where 𝜎𝑑 is show as a 
function of UGM’s vertical strain, 𝜖𝑍. Firstly, it may 
be seen that experimental and modelling results ex-
hibit qualitatively similar behaviors. The measure-
ments reach the maximum 𝜎𝑑 at approximately 1.1 
and 1.2% of strain for 𝜎𝐶  = 10 and 20 kPa respec-
tively. The corresponding simulation results, both 
with breakage and without breakage, deviate no more 
than 0.1% from the measurements. However, the sim-
ulation results of the maximum 𝜎𝑑  and stiffness val-
ues show some discrepancies with the measurements. 
Specifically, the UGM stiffnesses at the initial portion 
of the test are below the ones predicted computation-
ally. For 𝜎𝐶  = 20 kPa models, the maximum 𝜎𝑑 is 1.5 
and 1.3 times higher in the UGM with strong and 
weak fracture resistance simulations, respectively. In 
contrast, the simulation results for 𝜎𝐶  = 10 kPa align 
with measured maximum 𝜎𝑑. Some quantitative devi-
ations are expected however given the differences in 
porosity between the experiments and simulations, as 
well as possible deviations of particle breakage char-
acteristics for the aggregates used Etikan et al. (2024, 
2025) and Erlingsson & Rahman (2013) studies. The 
qualitative agreement observed in Figure 3 is encour-
aging however, and quantitative agreement may be 
improved by adjusting contact and fracture model pa-
rameters to account for the effect of finer particles not 
modelled explicitly in DEM. This will be addressed 
in future research.     

The main interest of this study is to evaluate the 
effect of particle fracture in triaxial testing. As shown 
in Figure 3, particle fracture in both confining cases 



results in a decrease in the maximum 𝜎𝑑 that the 
UGM can withstand. This decrease is approximately 
3.5% for each respective confining case of UGM with 
strong fracture resistance and 12.3% for UGM with 
weak fracture resistance. The effect of fracture is par-
ticularly evident in 𝜎𝐶  = 20 kPa model with weak re-
sistance to fracture. Additionally, DEM simulations 
enable tracking particle fractures, allowing for the ob-
servation of fracture locations within the UGM and 
the corresponding 𝜎𝑑, as shown in Figure 4 and 5.  

 
Figure 3. Deviatoric stress vs. axial strain of the loading head for 
cases of 𝜎𝐶 = 10 and 20 kPa. 

 
Figure 4. Fractured particle ratio vs. deviatoric stress for 𝜎𝐶 = 10 
and 20 kPa. 

 
Figure 5. DEM model of 𝜎𝐶 = 20 kPa at maximum 𝜎𝑑, a) frac-
tured particles (pink) among non-fractured particles, b) distribu-
tion of fractured particles within UGM with contact skeleton. 

 
In Figure 4, the ratio of fractured particles to the 

total number of particles is plotted for all confining 
cases. As observed, this ratio is relatively small for 
the cases of UGM with strong fracture resistance at 
the maximum 𝜎𝑑. However, it increases to approxi-
mately 8% for the UGM with weak fracture resistance 
at maximum 𝜎𝑑. A drastic increase in particle fracture 
can be observed for UGM with weak and strong frac-
ture resistance at 𝜎𝑑 > 500 kPa, and 𝜎𝑑 > 900 kPa for 
at 𝜎𝐶  = 20kPa, respectively. The fractured particles 
within UGM and the location of fractured particles 
along with the contact force skeleton are shown in 

Figures 5a and 5b, respectively. The fractured parti-
cles are shown in pink colors, while the contact forces 
are represented in gray scale, with the lighter colors 
indicating stronger contact forces and the dark colors 
indicating weaker forces. It can be observed that frac-
tured particles are evenly distributed within the 
UGM. This is to be expected, as the contact forces are 
evenly distributed throughout the UGM.   

5 CONCLUSION 

DEM study of the influence of aggregate fracture on 
the UGM response in monotonic triaxial tests is con-
ducted. The modelling results are found to exhibit 
good qualitative and reasonable quantitative agree-
ment with the experimental results from the literature.  

The results from the DEM models demonstrate 
that particle fracture noticeably affects the maximum 
deviatoric stress that can be achieved at two confining 
pressure levels investigated. Additionally, the DEM 
model allows tracking the accumulation of particle 
fractures as function of applied load, providing in-
sights on both the location and the quantity of frac-
tured particles. DEM modelling can thus serve as a 
valuable tool for investigating the performance of the 
materials with distinct properties, such as marginal 
road materials, under triaxial testing.    
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1 INTRODUCTION 
Tire-derived aggregates (TDA) in roadway applica-
tions offer advantages over traditional backfills due 
to their lighter unit weight and cheaper production 
costs. TDAs are a product of end-life tires collected 
from various sources, inspected to sort out those 
suitable for reuse, and shredded in a process where 
tires are fed into a primary shredder equipped with 
rotating knives that cut the tires into small pieces. 
The process produces irregular-shaped tire pieces, 
typically two to 12 inches long. TDA is then sieved 
and stored in different stockpiles based on their size. 
The ASTM D6270 divides TDAs obtained from pas-
senger and light truck tires (PLTT) with a rim diam-
eter of up to 19.49” into two types, A and B, based 
on their gradation. The maximum dimensions are 
7.88” and 17.71” for Type A and B, respectively 
(ASTM-D6270, 2020). While type A is recommend-
ed for drainage purposes, type B is used as a light-
weight fill material or a moisture-breaking layer in 
pavement structures.  

The Federal Highway Administration (FHWA) 
advocates prioritizing recycled and sustainable mate-
rials, such as tire-derived aggregate (TDA). Howev-
er, the policy underscores that "materials used in 
highway or bridge construction, whether virgin or 
recycled, must not negatively impact the perfor-
mance, safety, or environment of the highway sys-
tem" (Frederick G. Wright, 2015). Consequently, 
numerous research studies have evaluated the 
mechanical performance of TDA in laboratory 
settings or analyzed its behavior during the early 
stages of its service life (Meles et al., 2014, 2016). 

In contrast, limited studies have focused on the 
long-term performance of TDA, with some 
attempting to monitor the performance of road test 
sections incorporating TDAs over extended periods 

(Yi et al., 2015). Meanwhile, others analyzed the 
long-term performance of flexible pavements with a 
TDA layer using the Mechanistic-Empirical (ME) 
design method (Fares & Lanotte 2025). However, 
the response of rigid pavements with TDAs remains 
unexplored. This paper compares the performance of 
rigid and flexible pavements incorporating TDA 
layers. The findings will assist practitioners in 
selecting the most appropriate course materials 
based on available resources and specific design 
objectives. 

2 METHODOLOGY AND MATERIALS 
TDA were sourced from a production facility in 

Indiana, USA. Gradation was repeatedly assessed 
during the collection process. However, the samples 
did not conform to the ASTM definition of Type B 
despite being marketed under that classification (Fig. 
1). Additional laboratory evaluations revealed that 
the bulk loose density of the TDA is 430 kg/m³, and 
the porosity is 61%. 
A resilient modulus value representing the material's 
response is required to conduct ME analysis with a 
layer of TDA. Yet, due to the size of the TDA, it is 
challenging to conduct standardized cyclic triaxial 
testing. Instead, large-scale testing with a multilayer 
system is performed to obtain an interlayer resilient 
modulus. These large-scale boxes consist mainly of 
three layers (Fig. 2), with the TDA being compacted 
with different methods due to the proven sensitivity 
of the material towards the applied compaction en-
ergy (Fares & Lanotte, 2025). 

Table 1 shows the physical characteristics of the 
subbase and subgrade materials used for the large-
scale multilayer testing systems. Both materials were 
also subjected to cyclic triaxial testing to obtain their 
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ABSTRACT: This study evaluates the performance of flexible and rigid pavement structures incorporating 
tire-derived aggregate (TDA) layers. TDAs, lightweight and cost-effective materials, were characterized 
through laboratory testing and large-scale box experiments to determine their interlayer resilient modulus. Re-
sults revealed that TDAs are highly sensitive to compaction energy, influencing their mechanical properties. 
ME analysis showed bottom-up fatigue cracking as the dominant distress in flexible pavements and JPCP 
transverse cracking in rigid pavements. Rigid pavements demonstrated greater sensitivity to interlayer modu-
lus variations and required fewer modifications to achieve satisfactory performance. Potential design solu-
tions, including layer thickness and material properties adjustments, were proposed to mitigate performance 
impacts. This paper highlights the feasibility of incorporating TDA in pavement structures, emphasizing the 
need for precise compaction methods and further analysis to validate long-term performance predictions. 
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resilient modulus following AASHTO T 307. These 
values were used as direct inputs for the ME analy-
sis. 

Figure 1. TDA sample and particle size distribution. 

 
Figure 2. Schematic representation of the large-scale box struc-
tures evaluated 

Figure 3. Large-scale construction process. 
 
Table 1. Physical characteristics of soils used in 
large-scale testing 

Material/Property Subgrade Subbase 
Gravel (%) 1.71 24.72 
Sand (%) 48.04 57.74 
Fines (%) 50.25 17.54 
LL (%) 31.80 10.90 
PL (%) 20.90 Non-Plastic 
MDU (kN/m3) 16.93 21.18 
OMC (%) 14.93 7.23 
Summary MR (MPa) 63.71 105.35 
USCS CL SC 
AASHTO A-6 A-2-4 
 

Four configurations were evaluated using different 
TDA layer compaction methods (Fig. 2). The first 
two were compacted using an impulse compaction 
hammer. Box 1 is the control case, with 50% of the 
height consisting of subgrade soil and the top 12” 
filled with subbase aggregates. In Boxes 2, 3, and 4, 
6” of the subgrade layer were substituted with 

TDAs. While geometrically equivalent, these three 
boxes differ in the compaction methodology used on 
TDAs, as indicated in Figures 2 and 3. 

An MTS, equipped with two independent loading 
plates, was used to apply the load onto the structures 
in the big boxes (Fig. 4). In this laboratory evalua-
tion, only one plate was used, while the adjacent 
plate was used in stress control mode to keep it al-
ways in contact with the surface of the subbase ma-
terial. Table 2 shows the utilized cyclic testing pro-
gram where one-second sinusoidal loading cycles 
were applied. 

Figure 4. Material Testing System (MTS) 
 
Table 2. Cyclic loading test program 

Sequence Cyclic stress (kPa) No. of Ccyles 
1 17.24 10 
2 48.95 16 
3 79.98 30 
4 111.70 44 
5 143.48 32 
6 174.51 24 
7 206.15 18 
8 237.87 12 
9 268.90 10 
10 299.92 4 
 Cycles per set 200 
 No. of sets 500 
 Total cycles 100,000 

2.1 NCHRP 1-37A mechanistic-empirical method 
The mechanistic-empirical analysis for the flexible 
pavement structures was conducted using the 
MEAPA web application (Kutay & Lanotte, 2020). 
Total rutting and bottom-up fatigue cracking were 
obtained using mixture-specific calibration coeffi-
cients, global laboratory-to-field calibration coeffi-
cients, and standard deviation equations specified by 
the Michigan Department of Transportation 
(MDOT) (Michigan Department of Transportation, 
2021). Similarly, MDOT-based material properties 
and coefficients for the rigid pavement structure 
were utilized. Yet, due to the limitations of the 
MEAPA software in conducting analyses for rigid 
pavement, AASHTOWare software was employed 
to obtain both the Mean Joint Faulting and the JPCP 
transverse cracking.  

The vehicle load spectra, traffic input, and materi-
al properties align with MDOT typical input values 
for low-volume roads (Michigan Department of 
Transportation, 2021). Figure 5 illustrates the simu-

Loading Plate

Adjacent Plate



lated pavement structures where the "Experimental 
Layer" represents the large-scale box evaluated in 
the laboratory and presented above (Fig. 1).  

 
Table 2. General traffic and analysis input values for 
the evaluated design case. 

General Traffic Input Design Case 
Two-way AADTT 387 
Number of lanes 2 
Trucks in design direction [%] 51 
Trucks in design lane [%] 100 
Operational speed [km/h] 72 (45 mph) 
Reliability [%] 85 
MERRA2 Station Latitude 24.355003 
MERRA2 Station Longitude 54.579152 
Analysis duration 20 years 

 

Figure 5. ESAL outcome for each scenario  

3 RESULTS AND DISCUSSION 
The resilient modulus of each multilayer system was 
calculated for every cycle. However, as Fares & 
Lanotte (2025) previously reported, negligible 
differences in modulus were observed beyond the 
11th set of cycles, effectively marking this point as a 
conditioning load for the TDA layers. Therefore, the 
data obtained from the 11th set were deemed 
representative of the material's mechanical behavior 
under load for brevity. Each set consisted of ten 
loading sequences performed at varying stress 
magnitudes, with the results from each sequence 
within the 11th set presented in Figure 6. 

 
 
 
 
 
 
 
 
 
 

Figure 6. Interlayer resilient modulus based on large-scale box 
test 
Compared to the boxes with a TDA layer, the 
control Box 1 exhibited a stress-hardening behavior. 
Conversely, the large-scale boxes containing the 

TDA layer demonstrated a higher modulus during 
the initial sequences, attributed to the relaxation 
effect following prior loading cycles. Consequently, 
the resilient modulus value from the final sequence 
of the 11th set was selected to represent the 
interlayer property in the ME analysis (Table 3). 
 
Table 3. Interlayer resilient modulus value in the 
tenth sequence. 

Sample Interlayer Resilient Modulus  
Box 1 111.33 MPa 
Box 2 14.47 MPa 
Box 3 15.34 MPa 
Box 4 20.17 MPa 

 
Figure 7 shows the ME analysis outcome, where 

bottom-up fatigue cracking was the leading distress 
for the flexible pavement and the JPCP transverse 
cracking for the rigid pavement (Fig. 8). It can be 
noticed that both cross sections perform satisfactori-
ly, with Box 1 being used as the experimental layer. 
However, it is essential to note that from a cross-
section thickness point of view, both cross-sections 
have a similar thickness. Yet, the rigid pavement has 
a thinner surface course (Fig. 5). As for the experi-
mental layers with the TDA, it can be observed that 
Box 4 performs better than the other two. This may 
be attributed to the higher interlayer resilient modu-
lus due to the compaction method used, suggesting a 
sensitivity of the TDA towards the compaction pro-
cess. Moreover, the ME analysis showed that the 
rigid pavement leading distress is significantly more 
sensitive towards the interlayer resilient modulus 
than the flexible pavement cross-section.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Results of the Mechanistic-Empirical pavement anal-
ysis for the flexible pavement cross-sections. 

Modifications can be implemented to enhance the 
performance of the cross sections with a TDA layer. 



Table 4 shows three alternative solutions for both 
structures to achieve satisfactory performance. By 
comparing alternatives, it can be noticed that fewer 
modifications for the rigid pavement cross section 
are needed to make their performance satisfactory 
compared to their flexible pavement counterparts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Results of the Mechanistic-Empirical pavement anal-
ysis for the rigid pavement cross-sections. 
 
Table 4. Proposed alternatives for flexible and rigid 
pavements  

Flexible Pavement 

 
Box 4 
Case 

Alter. 1 Alter. 2 Alter. 3 

HMA WC 
5.08 cm 

(2 in) 
5.08 cm 

(2 in) 
5.08 cm 

(2 in) 
5.72 cm 
(2.25 in) 

HMA Base 
7.62 cm 

(3 in) 
10.16 cm 

(4 in) 
8.89 cm 
(3.5 in) 

8.89 cm 
(3.5 in) 

Unbound 
Base 

15.24 cm 
(6 in) 

- 
20.32 cm 

(8 in) 
10.16 cm 

(4 in) 
Experimental 

Layer 
60.96 cm (24 in) 

Rigid Pavement 

 
Box 4 
Case 

Alter. 1 Alter. 2 Alter. 3 

JPCP 
11.43 cm 
(4.5 in) 

13.97 cm 
(5.5 in) 

11.43 cm 
(4.5 in) 

12.70 cm 
(5 in) 

Unbound 
Base 

16.51 cm 
(6.5 in) 

- 
18.42 cm 
(7.25 in) 

13.97 cm 
(5.5 in) 

Experimental 
Layer 

60.96 cm (24 in) 

4 CONCLUSION 
The research paper reported a comparison of the ef-
fects of the addition of TDA in flexible and rigid 
pavements. The outcomes of this study can be sum-
marized as follows:  
• The leading distresses are bottom-up fatigue crack-

ing and JPCP transverse cracking for the flexible 
and rigid pavement structure, respectively.  

• Both pavement types showed a sensitivity towards 
the value of the interlayer resilient modulus. How-
ever, the rigid pavement showed a greater sensitivi-
ty, suggesting the importance of applying enough 
energy compaction. 

• The ME analysis revealed reduced pavement struc-
ture service life due to the inclusion of the TDA 
layer. To mitigate this impact, alternative cross-
sections were developed, where an increase in the 
thickness of the wearing course or the thickness of 
the unbound layers was suggested. Moreover, rigid 
pavements require more minor modifications in 
their layer thicknesses to achieve satisfactory per-
formance compared to flexible pavements. Howev-
er, further advanced analyses are necessary to vali-
date the ME analysis findings and ensure the long-
term effectiveness of the proposed design solu-
tions. 
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1 INTRODUCTION 

The purpose of an aggregate base layer in a pave-
ment is to distribute vehicular loads, maintain drain-
age, and to support construction traffic. However, 
with time and traffic, the stability of unbound base 
course becomes susceptible to degradation due to lat-
eral movement of aggregate particles and subgrade 
intermixing (Giroud et al., 2023). Geosynthetics, and 
particularly geogrids with apertures, are often used to 
provide lateral restraint to stabilize pavement 
base/subbase. The primary mechanism attributed to 
geogrid stabilization is the interlock between the ge-
ogrid and the aggregate, which forms a mechanically 
stabilized layer (MSL). Therefore, it is crucial to 
quantify stiffness improvements achieved within the 
MSL to adequately analyze pavement layered struc-
ture and compute pavement critical responses within 
the framework of mechanistic-empirical (ME) pave-
ment design. 

Researchers in the past have investigated various 
aspects of the MSL to identify the mechanism gov-
erning the stiffening aspect near geogrids (Kwon et 
al., 2009; Tutumluer & Seyhan, 1999; Wayne et al., 
2011). However, inclusion of mechanistic inputs spe-
cifically incorporating the effects of geogrid stabili-
zation are yet to be investigated in detail. Due to this 
lack of available design information, many state 
agencies assume no influence of geogrids in the pave-
ment design procedures leading to under-design of 
geogrid-stabilized aggregate base layers.  

Resilient modulus (MR) is defined as the ratio of 
repeated wheel load stress (𝜎𝜎𝑑𝑑) to recoverable strain 

(𝜀𝜀𝑟𝑟) and is the input property to characterize the ag-
gregate layer load-deformation response behavior in 
pavement ME design. In the US, the AASHTO T 307 
standard is widely adopted for the laboratory determi-
nation of resilient modulus or MR of transportation 
geomaterials. Conversely, determination of an in-situ 
resilient modulus for constructed geomaterials is 
more challenging and therefore requires specialized 
test setup. The Automated Plate Load Test (APLT) is 
one such testing equipment which can produce desig-
nated repeated load stress applications on constructed 
base and subbase to estimate the in-situ characteris-
tics of aggregate layers (White & Vennapusa, 2017). 

Another recent advancement in the field of trans-
portation geotechnics is the development of lab-scale 
and in-situ stiffness measurements of geomaterials 
using bender element shear wave sensor technology. 
(Byun et al., 2016; Husain et al., 2024; Kang et al., 
2020). The bender element (BE) sensors operate on 
the principles of elastic wave propagation. BE field 
sensors can be deployed as a pair of elastic wave 
transducers housed in a rigid frame and specialized 
for sensing shear waves. Shear waves are of particular 
interest because shear wave velocity (𝑉𝑉𝑆𝑆) can be 
measured within a particulate medium and is propor-
tional to the small-stain shear modulus (𝐺𝐺𝑚𝑚𝑑𝑑𝑥𝑥) for the 
known medium density (Leong et al., 2005).    

2 OBJECTIVE AND SCOPE 

The study aims to quantify the benefits of mechan-
ically stabilized layers (MSL) formed through 
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ABSTRACT: Geogrids stabilize unbound aggregate layers, leading to the formation of a mechanically stabi-
lized layer (MSL). However, there is a lack of data quantifying the degree of local stiffness improvement in the 
granular base/subbase and the stress reduction on subgrade achieved through geogrid stabilization. This study 
employed advanced in situ testing and instrumentation to collect and analyze data from three pavement sections, 
one control and two geogrid-stabilized, constructed during the US-20 reconstruction project in Elkhart, Indiana, 
USA. The results quantify local stiffness improvements near the geogrids and demonstrate higher resilient mod-
ulus and reduced deformation trends in the geogrid-stabilized sections. These findings offer valuable insights 
for advancing the mechanistic-empirical designs of base course geogrid-stabilized pavements. 



geogrid-aggregate interlock in highway pavement 
base courses. It presents in situ data from APLT and 
BE sensors collected from three 76.2 m (250-ft) sec-
tions along the US-20 reconstruction project in 
Elkhart, Indiana, USA; one control and two geogrid 
sections with geogrids placed at the base-subgrade in-
terface and mid-base layer. The analysis focuses on 
the impact of geogrid placement depth on pavement 
stiffness under different stress conditions and high-
lighting changes in layer stiffness near geogrids.  

3 RESESRCH TEST PLAN  

3.1 Aggregate and Geogrid 
The test sections used an aggregate material meet-

ing Indiana Department of Transportation (INDOT) 
No. 53 gradation specification (see Figure 1). A biax-
ial extruded geogrid with square apertures was in-
cluded in the project to stabilize the base layer and its 
material properties are detailed in Table 1. 

 

 
Figure 1: Aggregate particle size distribution for INDOT speci-
fication No. 53 gradation. 

Table 1.  Biaxial Geogrid Specification 
Property Value 
Nominal Aperture Dimensions 33 mm (1.3 in.) 
Minimum Rib Thickness  0.76 mm (0.03 in.) 
Polymer Material Polypropylene 

3.2 Test Sections 
The layer configuration for the control section (CS) 

is illustrated in Figure 2 (a). Geogrid Section 1 (GG1), 
depicted in Figure 2 (b), was constructed with a ge-
ogrid placed at the base-subgrade interface. Similarly, 
Geogrid Section 2 (GG2), shown in Figure 2 (c), was 
constructed with a geogrid installed at the mid-layer 
of the aggregate base. The three layers were com-
posed of a 30-cm (12-in.) No. 53 aggregate underlain 
with a uniformly graded B-borrow sand. Testing and 
data collection were conducted prior to the construc-
tion of the open-graded HMA and the Portland ce-
ment concrete pavement (PCCP) surface. 

 
 
 
 
 
 
 
 
 
 
 

 
  (a)           (b) 

 
 
 
 
 
 
 

 
 
 

 
(c) 

Figure 2: Pavement structures for (a) CS, (b) GG1, & (c) GG2. 
(1 in. = 25.4 mm) 

4 INSTRUMENTATION AND RESULTS 

4.1. Automated Plate Load Test Results 
The Automated Plate Load Test (APLT) device is 

a repeated loading platform capable of determining 
in-situ resilient modulus and permanent deformation 
characteristics of constructed aggregate layers. The 
in-situ testing involved a multi-stress sequence as de-
tailed in Table 2. The sequence involves a condition-
ing stage and six subsequent loading stages with var-
ying number of load magnitudes and number of 
repeated loading applications. In total, 12 tests were 
carried out across the three sections, with six tests 
over pressure cell locations and six over Bender Ele-
ment (BE) field sensor locations.  

Table 1: Multi-stress sequence applied during APLT tests. 

S. 
No. 

No. of 
Cycles,  
N 

Repeated 
Stress, 𝝈𝝈𝒅𝒅  
kPa (psi) 

Min. Stress, 
𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎   
kPa (psi) 

Max. Stress, 
𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎  
kPa (psi) 

C 500 89.6 (13) 

13.8 (2) 

103.4 (15) 
1 100 27.6 (4) 41.4 (6) 
2 100 55.2 (8) 68.9 (10) 
3 150 89.6 (13) 103.4 (15) 
4 200 124.1 (18) 137.9 (20) 
5 250 193.1 (28) 206.8 (30) 
6 250 262.0 (38) 275.8 (40) 
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In-situ composite resilient modulus data in Figure 
3 show higher modulus values for geogrid sections 
than the control across all stress states. The APLT 
tests determined higher MR values for the geogrid 
sections by 1.07 to 1.35 compared to the control, 
highlighting their effectiveness in stabilizing the 
pavement aggregate layer. The stress-dependent MR 
behavior was observed, with the in-situ MR increasing 
with increasing deviator stress.  

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: In situ composite Resilient Modulus for the three 
sections from APLT. (1 psi = 6.9 kPa) 

4.1 Bender Element (BE) Field Sensors 
Assessing local stiffness enhancements with ge-

ogrids using the BE shear wave technology has been 
our research focus at the University of Illinois Ur-
bana-Champaign (UIUC). BE field sensors, consist-
ing of a transmitter and receiver pair as depicted in 
Figure 4, measure shear wave propagation through a 
compacted geomaterial medium. The transmitter gen-
erates a shear wave of known shape, frequency, and 
amplitude while the receiver detects the arrival of the 
shear wave on the other end of the sensor frame. With 
the known distance between the two, one can estimate 
the shear wave velocity of the geomaterial. In the case 
of geogrid-stabilized layers, a local stiffness enhance-
ment is observed (Byun & Tutumluer, 2017).  

 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 4: Bender Element (BE) field sensor (Byun et al. 2016; 
Kang et al. 2020, 2021) 

Figure 5 shows a UIUC developed BE field sensor 
installed at the US-20 reconstruction site. 

 
 
 
 
 
 
 

 
Figure 5: Bender Element (BE) field sensor installed in-situ. 

 
Figure 6 presents the measured Vs values at the 

mid-depth of the pavement base layer using the BE 
field sensors installed immediately after construction. 
The three measurements indicated were relatively 
similar with low variability. However, it should be 
noted that the shear modulus of geomaterials is re-
lated to the square of the shear wave velocity. There-
fore, a smaller difference in shear wave velocity may 
reflect a greater difference in stiffness. In this context, 
the control section exhibited the lowest stiffness com-
pared to the geogrid-stabilized (GG1 and GG2) sec-
tions, which had similar Vs trends and higher shear 
wave velocities were recorded at the mid-layer, indi-
cating an enhanced stiffness due to the presence of 
geogrids in those sections. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6: Shear wave velocities (𝐕𝐕𝐒𝐒) from BE field sensors 
installed at mid-layer depth immediately after construction. 

 
Additionally, paired APLT-BE measurements 

were made and are presented in Figure 7. To maintain 
brevity of discussion, the data present shear wave ve-
locities for the three sections under a low and high 
magnitude repeated loading condition, i.e., 90 and 
262 kPa (13 and 38 psi) deviator stresses. The BE en-
hancement ratio (Vs in geogrid sections compared to 
that in the control section) varied between 1.07 and 
1.11 under these applied load/stress levels. With an 
increase in the applied stress level, the aggregate stiff-
ness increased, and the relative contribution of the ge-
ogrids diminished. This understanding provides valu-
able insights into designing and optimizing pavement 
structures with geogrids. In-service stress states are 
closer to the lower end of the APLT protocols.  

Shear wave

Source Bender Element Receiver Bender Element

+
-

-

+
-

-



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: Paired APLT-BE measurements under repeated 
loading (1 psi = 6.9 kPa). 

5 CONCLUSIONS 

The study used paired testing with an Automated 
Plate Load Test (APLT) device and field installed 
Bender Element (BE) sensors to quantify the benefits 
of geogrids in stabilizing unbound aggregate layers of 
highway pavements. Three 76.2-m (250-ft) pavement 
sections along the US-20 reconstruction project in 
Elkhart, Indiana, USA were tested, including a con-
trol section and two geogrid-stabilized sections with 
geogrids installed at different depths in the base. 

Enhanced base layer performance trends were ob-
served in the geogrid sections compared to the con-
trol. The APLT device measured in the base increased 
in-situ resilient moduli (MR) and reduced permanent 
deformation accumulation. BE field sensors captured 
local stiffness enhancements in the geogrid-stabilized 
sections with a higher shear wave velocity (Vs), a 
measure of small-strain modulus, near geogrid. 

The study analyzed Vs enhancements from BE sen-
sors under varying stress conditions. The geogrid sec-
tions had higher Vs than the control section under 
identical loading conditions, indicating the geogrid’s 
impact on base layer characteristics. Typical stress-
dependent behavior of aggregate base was observed, 
with decreased Vs noted in higher stress states. Ge-
ogrid sections provided significant advantages, espe-
cially under moderate in-service stress conditions. 

Paired APLT-BE measurements quantified the 
structural advantages of incorporating geogrids in 
pavement bases, contributing to the development of a 
mechanistic-empirical pavement design methodol-
ogy. Future research will expand on these findings by 
including data from additional sensors and examining 
long-term monitoring trends to better understand the 
effects of traffic loads and seasonal variations on 
pavement response and performance. 
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1 INTRODUCTION 

The resilient modulus is widely used to evaluate 
foundation deformation and is influenced by changes 
in suction. The relationship between suction and re-
silient modulus can be reasonably predicted by con-
sidering the moisture regime (Han & Vanapalli, 
2016). Suction stress, derived from suction and effec-
tive saturation, is used to predict shear strength in un-
saturated soil mechanics (Karube et al., 1986).  

Various tests can be used to evaluate the effect of 
suction on the resilient modulus. However, these 
methods have limitations, including user-depend-
ency, limited to specific suction ranges and time-con-
sumption. Recently, discrete element method (DEM) 
analysis has been used to overcome the limitations of 
laboratory tests in unsaturated soil materials (Liu & 
Sun, 2002; Li et al., 2018).  

This study simulates the behavior of unsaturated 
soil under cyclic loading using DEM analysis (PFC 
3D). From these results, a soil-water characteristic 
curve (SWCC) and resilient modulus were generated 
through DEM simulation, and the effect of suction 
stress on resilient modulus was evaluated. 

2 UNSATURATED STATE THROUGH DEM  

2.1 Definition of suction stress 

Suction stress is related to both suction and the de-
gree of saturation and has been evaluated under vari-
ous stress conditions (Karube and Kato, 1994). It is 

defined as the sum of bulk and meniscus stress, where 
bulk stress refers to the stress imposed on pores filled 
with water, and meniscus stress refers to the stress im-
posed by the capillary force. Suction stress can be cal-
culated as follows: 

𝑝௦ = 𝑝 + 𝑝 = (𝑆 − 𝑆)/(1 − 𝑆) ∙ 𝑠    
 (1) 

where pm = the meniscus stress, pb = the bulk stress, 
Sr = the degree of saturation, Sr0 = the residual degree 
of saturation, and s = the matric suction.  

2.2 Modelling of unsaturated state in DEM analysis 

The unsaturated state was modeled through three 
stages of DEM analysis. First, the volume of water for 
particle-to-particle interaction was defined based on 
the spacing between particles, as shown in Figure 1. 
Second, Bulk water was defined as the water overlap-
ping within the triangle area formed by three parti-
cles, while the remaining water was classified as me-
niscus water. Finally, the capillary force calculated 
using the general capillary force method was applied 
to meniscus water, and the capillary force calculated 
using the boundary method was applied to bulk water. 

3 RESILIENT MODULUS TEST MODELING  

The confining stress was applied to the membrane 
particles using the membrane modeling algorithm (Li 
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 ABSTRACT: Soil suction and the degree of saturation influence the resilient modulus. A suction stress model 
that incorporates both suction and degree of saturation can be applied to the resilient modulus. To evaluate the 
effect of suction stress on resilient modulus, water effects were categorized into bulk and meniscus water, and 
cyclic loading was applied to the samples. The soil water characteristic curve (SWCC) was generated using 
discrete element method (DEM) analysis. Additionally, the resilient modulus was observed to vary with both 
deviator stress and the degree of saturation. The trends observed in this study are consistent with the results of 
other researchers. These findings demonstrate that the water division and cyclic loading algorithm effectively 
represent the unsaturated soil state, and DEM analysis revealed that suction stress influences the resilient mod-
ulus, with the resilient modulus increasing as suction stress increased. 



et al., 2017). Deviator stress with a haversine shape 
was applied to the wall boundary with deformation 
control. Additionally, the applied particle size distri-
bution is shown in Figure 2, and the smallest particle 
size was adjusted to reduce simulation time. The den-
sity of specimen was considered using density mod-
eling method proposed by Chang et al. (2017) to ac-
count for discrepancy in particle shape and particle 
size distribution compared to real particles. 

The specimen was compacted to achieve the target 
void ratio. The membrane surrounding the specimen 
was then modeled using spherical particles (mem-
brane balls). The membrane ball size was selected to 
match the smallest particle size of specimen to ensure 
computational efficiency and accuracy. 

4 SWCC AND RESILIENT MODULUS AT 
VARIOUS SUCTIONS 

Suction was calculated based on the water distri-
bution between particles using the proposed unsatu-
rated soil modeling method. Consequently, the rela-
tionship between suction and degree of saturation 

(Sr), referred to as the soil-water characteristic curve 
(SWCC), was generated through DEM simulations, 
as shown in Figure 3. The generated SWCC includes 
key characteristics such as the air entry value (AEV) 
and residual suction. These results reveals that the 
shape of the generated SWCC closely resembles 
those obtained from laboratory tests.  

Figure 4 illustrates the changes in bulk and menis-
cus water with the degree of saturation. The ratio of 
bulk to meniscus water changes significantly at ap-
proximately 25% saturation. Additionally, when the 
total degree of saturation surpasses 20%, the amount 
of meniscus water remains nearly constant, and there 
is negligible variation at degree of saturation below 
approximately 10%. Meniscus water remained at ap-
proximately 10% of the degree of saturation, as re-
ported by Karube & kawai (2001), and exhibited be-
havior consistent with that shown in Figure 4. 
Therefore, the proposed water division model for 
bulk and meniscus water aligns with the laboratory 
test results. 

The confining stress was kept constant at 27.6 kPa, 
as deviator stresses of 13.8 kPa, 41.4 kPa, and 68.9 
kPa were applied, and the degree of saturation was set 

Figure 1 Water volume calculation method: (a) when the parti-
cles are separated: (b) when the particles overlap 
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Figure 3 Soil-water characteristic curve generated through 
DEM analysis 

Figure 4 Changes in bulk and meniscus water with respect to 
the degree of saturation 



to 1, 5, 10, 40, 70, and 99%. This range was chosen 
because suction stress decreases beyond approxi-
mately 5% saturation, leading to variations in the re-
silient modulus within this saturation range. Figure 5 
illustrates the relationship between the degree of sat-
uration and the resilient modulus. 

The difference in resilient modulus is minimal be-
cause the effective modulus of the particles was set to 
a small value to reduce the computational time. Table 
1 presents the maximum and minimum resilient mod-
uli for varying deviator stress levels. Since the differ-
ence in resilient modulus with changes in the degree 
of saturation are minimal, the resilient modulus was 
normalized using its maximum and minimum values. 
This normalization scaled the resilient modulus to a 
range between 0 and 1. The resilient modulus de-
creases as the deviator stress increases. This trend is 
consistent with previous findings that the resilient 
modulus decreases with increasing deviator stress 
(Ng et al., 2013; Han and Vanapalli, 2016). Addition-
ally, the resilient modulus increases as the degree of 
saturation decreases, with the slope decreasing at low 
saturation, as illustrated in Figure 5 (Banerjee et al., 
2020).  

Figure 6 illustrates the relationship between the re-
silient modulus and degree of saturation and the rela-
tionship between suction stress and degree of satura-
tion. Suction stress was calculated using Eq. (1) based 
on the generated SWCC.  

At high saturation, suction stress increased as the 
degree of saturation decreased. However, at low sat-
uration of approximately 10 %, the suction stress de-
creased as the degree of saturation increased. This be-
havior occurs because, at low degree of saturation, the 
water volume is relatively small, resulting in suction 
stress decreasing as the degree of saturation increases. 

When the relationship between the degree of satu-
ration and suction stress was compared with the nor-
malized resilient modulus results, the resilient modu-
lus at a deviator stress of 68.9 kPa demonstrated a 
strong correlation with suction stress. However, un-
der other deviator stress conditions, the resilient mod-
ulus increased with suction stress but a substantial 
portion of the increase occurred at low saturation. 
This behavior is attributed to the applied meniscus 
water contact force exceeding that of bulk water. 
These results indicate that the resilient modulus is 
closely related to suction stress.  

5 CONCLUSIONS 

This study categorized the water contents into bulk 
and meniscus water to simulate unsaturated soils. Cy-
clic loading was applied to a specimen composed of 
bulk and meniscus water, and the resilient modulus 
was obtained from these simulations. 

Based on the particle size distribution, the SWCC 
was generated through DEM simulation. Bulk water 
was dominant at a saturation above 25%, whereas me-
niscus water was dominant below 25%. These results 
demonstrate that the unsaturated soil state can be ef-
fectively simulated using DEM analysis despite its 
limitations. Additionally, the resilient modulus was 
obtained through DEM simulation and decreased as 
the deviator stress increased from 13.8 kPa to 68.9 
kPa. Finally, the suction stress was compared with the 
resilient modulus. The trend of suction stress with the 

No. 1 2 3 

Confining stress (kPa) 27.6 27.6 27.6 

Deviator stress (kPa) 13.8 41.4 68.9 
Maximum resilient  

modulus (MPa) 
4.10 3.93 3.30 

Minimum resilient modulus 
(MPa) 

4.09 3.88 3.06 

Table 1 Maximum and minimum resilient modulus 

Figure 5 Changes in normalized resilient modulus with respect 
to the degree of saturation 
 

Figure 6 Comparison between normalized resilient modulus 
and suction stress under various deviator stress levels at 
deviator strsss of 68.9 kPa 
 



degree of saturation changed, whereas particle dis-
placement changed at 5% saturation. Although the re-
lationship between suction stress and resilient modu-
lus remains unclear due to DEM simulation 
limitations, suction stress was found to influence the 
resilient modulus.  
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1 INTRODUCTION  

The mechanical properties of unbound granular ma-
terials (UGMs) used in the base and subbase layers of 
pavement structures largely depend on aggregate in-
terlocking, which is influenced by the particle size 
distribution (PSD) (Dawson et al., 1996; Kolisoja, 
1997; Lekarp, 1999; Xiao et al., 2012). Various stud-
ies have found that only certain particle sizes function 
as load-bearing structures within the aggregate as-
sembly, while the remaining particles either float or 
act as fillers (Roque et al., 2006; Yideti et al., 2013). 
The method proposed by Olard and Perraton (2010), 
referred to as the OP method, aims to maximize ag-
gregate-to-aggregate contact in asphalt concrete mix 
design by systematically distributing different frac-
tions in the PSD curve to enhance strength. Although 
rarely practiced, this method may be equally applica-
ble to UGMs. Another study, based on triaxial tests, 
demonstrated that open-graded (OG) materials can 
perform as well as well-graded (WG) materials (Rah-
man et al., 2017). According to this study, at higher 
moisture content, OG materials may even outperform 
their WG counterparts. This improved performance is 

likely due to the lower moisture sensitivity of OG ma-
terials, which lack fine particles that do not contribute 
to strength. Therefore, optimizing the PSD curve us-
ing the OP method and reducing the proportion of fine 
particles could enhance the mechanical strength of 
UGMs while also improving drainage properties and 
reducing moisture and frost susceptibility.  

The Swedish Transport Administration’s require-
ments for PSD curves are primarily based on empiri-
cal experience. Therefore, it is crucial to conduct 
studies to validate previous findings, develop opti-
mized PSD curves, and compare their performance 
with conventional PSDs. This approach should help 
the industry obtain better materials and reduce issues 
such as poor drainage, moisture, and frost damage. 
With this objective in mind, the mechanical perfor-
mance of a crushed rock aggregate for seven different 
PSDs was investigated using repeated load triaxial 
(RLT) testing. The focus was on the applicability of 
the OP method for UGMs and its effect on mechani-
cal performance. 
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focused on the resilient modulus and resistance to permanent deformation for each PSD. The results demon-
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excess of fines, as well as their removal to create drainable materials, negatively impacted mechanical behavior. 
Additionally, the maximum particle size also showed some effect. The optimization method applied in this 
study did not perform well, highlighting the need for further refinement of the approach for implementation in 
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2 STUDIED PARTICLE SIZE DISTRIBUTIONS 

The Fuller-Thompson equation, as presented below, 
is probably the most widely used mathematical func-
tion for the PSD of UGMs: 
𝑝𝑖 = (

𝐷𝑖

𝐷𝑚𝑎𝑥
)
𝑛

                (1) 
where pi = percentage of particles by weight passing 
the ith sieve size; Di = the ith sieve size; Dmax = max-
imum particle size and n = shape factor of the PSD 
curve. A value of n = 0.45 is considered to provide a 
WG PSD with the densest configuration (Roberts et 
al., 1996). For this study, three PSDs, based on Equa-
tion 1, of a crushed rock aggregate commonly used in 
Sweden were considered. The maximum particle size 
selected was 32 mm. The chosen values for the shape 
factor n were 0.35, 0.45 and 0.62. The value of n = 
0.35 provides a PSD with a lot of finer particles. On 
the other hand, the value of n = 0.62 provides a rela-
tively coarser PSD. The other three PSDs used the 
same aggregates but were OG, designed for permea-
ble pavement applications. In two of these, particles 
smaller than 2 mm were removed to enhance draina-
bility: one with a maximum particle size of 16 mm, 
and the other with 32 mm. For the third PSD, particles 
up to 4 mm were excluded, which had a maximum 
aggregate size of 32 mm. 

The seventh PSD was derived based on the meth-
odology proposed by Olard & Perraton (2010) (the 
OP method) for the mix design of asphalt concrete. 
This procedure aims to optimize the combination of 
fine and coarse fractions to result in an interactive net-
work of coarse particles providing the strongest mix 
resistance. First, the aggregate is divided into three 
phases: fine, intermediate and coarse fractions. In this 
case, the ratio of the nominal maximum particle size 
(NMPS) of the intermediate particles to the coarse 
particles should not exceed 20%. Similarly, the ratio 
of NMPS of the fine particles to the intermediate par-
ticles should not exceed 20%. Next, the respective 
void index of each fraction is determined using the 
gyratory shear compactor (GSC) after 20 gyrations. 
Thereafter, the optimal ratio of the intermediate and 
coarse aggregate blend is determined using the GSC 
according to an approach illustrated by Baron et al. 
(1982). Similarly, the optimum ratio of this blend and 
the fine fraction is determined in the next step with an 
additional sensibility study. This procedure can be 
continued for blending further fractions. In this study, 
the coarse fraction was 16-32 mm with an NMPS of 
about 26 mm. Thus, the next fraction selected was 4-
8 mm with an NMPS of about 5 mm. However, the 
optimization method did not provide any meaningful 
proportion of these two fractions. Hence, the next 
fraction trialed was of 2-4 mm without any success. 
Finally, a trial with 0-2 mm fraction indicated an op-
timal blending of 70% of the 16-32 mm fraction and 
30% of the 0-2 mm fraction. This was selected as the 
PSD for further investigation with RLT testing. This 

optimization procedure is graphically shown in Fig-
ure 1. The details of the approach can be found in 
Olard & Perraton (2010). The resulting PSD with all 
the other PSDs investigated here are shown in Figure 
2. The optimum moisture content (wopt) and the max-
imum dry densities (γdmax) of the individual PSDs 
were determined according to the modified Proctor 
method following the European standard EN 13286-
2 (CEN, 2004a). Various properties of the materials 
are shown in Table 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Proportioning of 16-32mm and 0-2 mm fractions ac-
cording to the OP method. 
 

Figure 2. The PSDs of the crushed rock aggregate. 
 
Table 1. Properties of the aggregates  
PSD D10 

[mm] 
Cu Cc Fc [%] G/S γdmax 

[ton/m3] 
wopt [%] 

n = 0.35 0.06 116.7 2.4 12 1.4 2.22 6.5 

n = 0.45 0.15 62.1 3.7 6.5 1.8 2.26 6.0 

n = 0.62 0.70 17.1 2.4 2.4 2.7 2.11 5.5 

2-16 mm 
drainable 

2.50 3.6 1.1 2.1 5.1 1.93 5.0 

2-32 mm 
drainable 

3.00 4.3 0.9 0.75 4.9 1.96 3.5 

4-32 mm 
drainable 

5.00 4.4 1.3 0.75 23.2 1.86 3.5 

Olard & Per-
raton 

0.30 66.7 2.7 4.5 2.6 2.18 4.5 

Here: 
       

Gs = 2.64 is the specific gravity of the particles 
  

D10 is the effective particle size (10% are finer than D10) 
Cu is the uniformity coefficient 

   

Cc is the gradation coefficient 
   

Fc is the fine content (< 0.063mm) 
G/S is the gravel (4.75-75mm) to sand (0.075 to < 4.75mm) ratio 

(US classification) (Xiao et al., 2012) 
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3 REPEATED LOAD TRIAXIAL TESTING 

RLT testing is a widely used method to characterize 
the mechanical properties of UGMs. This test applies 
cyclic stresses on a cylindrical specimen in the labor-
atory to simulate the traffic loading experienced by 
the material in the real pavement structure and the 
corresponding deformations are measured. In this 
study, multistage RLT testing with constant confining 
pressure was carried out in accordance with the Euro-
pean standard EN-13286-7 (CEN, 2004b). Labora-
tory prepared cylindrical specimens of 150 mm diam-
eter and 300 mm height were used. The tests were 
carried out applying a set of different stress paths ac-
cording to the standard referred to as ‘low stress level’ 
(LSL). Each of the stress paths was applied for 10,000 
cycles with a frequency of 10 Hz (Haversine pulse) 
with no rest period.  The tests were performed under 
a free drainage condition. Each specimen was pre-
pared with its wopt and 95% of the γdm using a vibro-
compactor. The tests were replicated to account for 
the variability in testing.  

4 RESULTS AND DISCUSSIONS 

The data from the RLT tests were analyzed to evalu-
ate the resilient and permanent deformation charac-
teristics of the materials. The resilient deformation 
contributes to fatigue cracking of the overlying as-
phalt concrete layers of the pavement structure. The 
resistance against resilient deformation or resilient 
stiffness is characterized by the resilient modulus 
(MR) which is a quotient of the applied stress level and 
the corresponding resilient strain. The MR is a func-
tion of the bulk stress level, θ (sum of the principal 
stresses). So, the resilient modulus value of a speci-
men is reported at a certain bulk stress level. Higher 
value of MR is desirable for pavements to prevent fa-
tigue cracking.  

Permanent deformation (PD) accumulates with the 
number of load cycles (N) which contributes to rut-
ting. PD is usually reported as a function of N.  Lower 
accumulation of PD is better for the pavement to pre-
vent rutting.  
 The evaluated MR for the specimens with different 
PSDs as a function of θ is shown in Figure 3. It is 
observed that MR increases with increasing θ. Some 
scatter and overlapping in the data are common for 
tests with UGMs. Generally, the WG PSD with n = 
0.45 showed higher MR than the others, particularly at 
higher θ values. The PSD with n = 0.62 and the 2-32 
mm drainable material also performed well. The op-
timized PSD according to the OP method and the PSD 
with n = 0.35 demonstrated similar MR values, which 
were lower than those of the previously mentioned 
materials. The OG 2-16 mm material showed the low-
est MR values, while the 2-32 mm material had much 
higher values. This indicates that the maximum 

particle size greatly influences stiffness properties. 
The PSD with n = 0.35, which has a higher proportion 
of fines than the PSD with n = 0.62, exhibited lower 
MR values, suggesting that coarser PSDs may exhibit 
higher stiffness. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. MR as a function of θ. 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Accumulation of permanent strain. 

 
The accumulated permanent strains in the materials 

are illustrated in Figure 5. The sequences in this fig-
ure correspond to the stress levels table for multistage 
RLT testing with LSL from the European standard. In 
each sequence, the confining pressure remained con-
stant while the deviator stress varied. The final se-
quence for the 4-32 mm material was aborted due to 
technical issues. Figure 5 shows that the WG PSD 
with n = 0.45 accumulated the lowest PD. The PD of 
the OG 2-32 mm material was also very close to that 
of the WG material, while the PD of the 2-16 mm ma-
terial was significantly higher. This again shows that 
the maximum particle size has a significant impact on 
the mechanical properties. The PDs of the n = 0.62 
grading, the OP grading, and the 4-32 mm material 
were very similar and higher than those of the WG 
and 2-32 mm materials. The material with n = 0.35 
grading exhibited significantly lower resistance to 
PD. Thus, it appears that, similar to stiffness proper-
ties, coarser grading offers better resistance to PD.  

This study demonstrates that the WG PSD derived 
using n = 0.45 in the Fuller-Thompson equation ex-
hibits superior mechanical properties. The OG 2-32 
mm material also performed very well, which can be 
advantageous due to its improved drainage properties 
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and potential to outperform WG materials in higher 
water contents (Rahman et al., 2017). However, the 
4-31 mm material showed inferior properties, indicat-
ing that excessive removal of fine particles can de-
grade the material's performance. 

A key objective of this research was to evaluate the 
OP method for UGMs. This method was applied 
without modifications, resulting in a gap-graded PSD 
with only two size fractions. This did not represent 
the densest grading (as shown in Table 1) and pre-
sented a high risk of segregation. The tests did not in-
dicate any improvement in mechanical properties, 
suggesting that further refinement of this method is 
needed before it can be effectively applied to UGMs. 

The study also observed that increasing the fine 
fractions negatively affected the UGM’s perfor-
mance, as seen in the PSD with n = 0.35. It is im-
portant to note, however, that the tests were con-
ducted at varying moisture contents, owing to the 
different optimal moisture content of each PSD. Sim-
ilarly, variations in dry density were present. There-
fore, testing under consistent moisture content and 
dry density conditions could potentially alter these 
findings. Further investigations should be carried out 
under these conditions. 

5 CONCLUSIONS 

This study highlights the significant impact of PSD 
on the performance of UGMs. The WG PSD with n = 
0.45 demonstrated the highest MR and the greatest re-
sistance to PD. This indicates that a WG distribution 
enhances mechanical properties. The presence of 
fines significantly affects performance. Both an ex-
cess of fines and their removal to create drainable ma-
terials negatively impacted the mechanical behavior 
of UGMs. This suggests a balanced approach to fines 
content is crucial. The maximum particle size also 
played a notable role in the performance of UGMs, 
influencing both strength and stability. The optimiza-
tion method originally developed for AC mixtures did 
not perform well for UGMs. This indicates the need 
for further refinement and adaptation of this method 
for use with UGMs. OG materials showed potential, 
especially at higher moisture contents, where they 
may outperform WG materials due to their lower 
moisture sensitivity. 

The findings of this study emphasize the im-
portance of carefully designing PSDs to enhance the 
mechanical performance and durability of UGMs in 
pavement structures. The study was limited to one 
type of crushed rock aggregate, and the tests were 
conducted at optimum water contents and 95% of the 
maximum dry densities. Further research using other 
materials, different water contents, and densities, as 
well as field validation, is necessary to achieve the 
best possible outcomes. 
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6.2 
BUILDING SUSTAINABLE AND RESILIENT 

PAVEMENT FOUNDATIONS 



1 INTRUCTION 
Transportation infrastructures, in particular roadway 
pavements, are increasingly affected by climatic haz-
ards, of which flooding is a major concern. For tradi-
tional asphalt pavements, the impact of flooding on 
pavement performance can be multifarious. Floodwa-
ter can infiltrate surface asphalt layers with high air 
void content (8–10%) (Omar et al. 2020), leaving re-
sidual water for up to a week after recession (Guo et 
al. 2011). Under traffic loading, pore water pressure 
(PWP) develops, leading to cyclic hydraulic scouring 
and asphalt performance degradation. For pavement 
subsurface layers, increased moisture content reduces 
modulus, diminishing the foundation ability to with-
stand vehicular stresses and exacerbating structural 
responses under loading. Additionally, PWP at the 
subgrade-subbase interface can trigger fines migra-
tion (pumping effect), leading to subgrade erosion 
(Holtz et al. 2008). 
   Currently, there are research gaps in comprehen-
sively assessing flooding impacts. Firstly, previous 
studies have focused on pavement performance under 
fully saturated asphalt layer. In the current practice, 
dense-graded asphalt pavement is designed to have 
4% target air voids that do not allow water to pene-
trate so that the fully saturation is not the typical con-
dition. Instead, the segregation area, or asphalt patch 
compacted by shovel or tamper for pothole repair 
could have high air void contents. Secondly, the cur-
rent studies on evaluating subsurface weakening ef-
fect were limited to pavement response increase right 
after flooding, which is incomplete without a quanti-
fiable measure of flood-induced damage during the 
whole recovery period. Thirdly, the subgrade erosion 
caused by flooding was largely ignored. 

2 OBJECTIVE 
The objective of this study is to develop computation 
models for evaluating impacts of flooding on surface 
and subsurface layers of asphalt pavement. Figure 1 
shows the analysis framework. The suite of computa-
tion models includes the following: 
1. Evaluate hydraulic scouring effects on surface

layer by developing a hydro-mechanical model.
2. Predict subsurface saturation profile during inun-

dation and recovery periods by developing a hy-
drological model.

3. Quantify subsurface weakening and subgrade
erosion using previous hydro-mechanical model.

Figure 1. Analysis Framework using Computation Models 

3 SURFACE HYDRAULIC SCOURING 

3.1 Development of hydro-mechanical model 
The principle of effective stress was used in this study 
to characterize the effect of water on mechanical re-
sponse. On the other hand, Darcy’s law was modified 
to characterize the effect of structure responses on 
water flow by adding an additional term that reflects 
the volume change in the voids. For subgrade analysis 
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in following section, Richard’s equation was modi-
fied to consider unsaturated flow. 

The pavement was composed of a 20-cm HMA 
layer, a 30-cm granular base layer, and subgrade. 
Three different asphalt patch geometries and various 
wheel paths were considered, as shown in Figure 2. A 
single axle with dual tires with speed of 90km/s was 
simulated, and the tire pressure of 0.7MPa. To con-
sider different properties between asphalt patch and 
surrounding pavement, different Prony series param-
eters were used. Detailed model development and 
material property parameters can be found elsewhere 
(Chen & Wang 2024a).  

 

 
Figure 2. Pothole shapes and wheel paths 

3.2 PWP within asphalt material 
Figure 3(a) compares the maximum PWP within the 
asphalt patch at 25℃. It can be found that for all three 
patches, the PWP mainly concentrated underneath the 
loading area, and the maximum PWP occurred when 
the vehicle tires just entered the patching area, with a 
magnitude from 100kPa to 150kPa. Both small-deep 
and cylindrical patches exhibited larger maximum 
PWP than the big-shallow patch. Figure 3(b) shows 
the maximum PWP at the interface, with a magnitude 
from 100kPa to 200kPa. For cuboid patches, the max-
imum PWP was at longitudinal interface when vehi-
cle just entered the patch. For cylindrical patch, it oc-
curred at interface when the tire was in the center. 
When only one vehicle tire travelled through the as-
phalt patch, the PWP at interface of small-deep patch 
was the largest, followed by that of cylindrical patch, 
which is similar as the PWP within the asphalt patch. 
However, when both tires were loaded on the patch 
area, the PWP at interface of big-shallow patch be-
came the greatest. 

 
Figure 3 Comparisons of maximum PWP 

4 SUBSURFACE SATURATION 

4.1 Development of hydrological model 
Richard’s equation, which has been widely used to in-
vestigate unsaturated water flow (Dan et al. 2015), 
was adopted in this study. The Wilson-Penman equa-
tion, which is a widely utilized model that integrates 
different climate factors, was used here to calculate 
the evaporation rate (Fredlund et al. 2016). 

 The hydrological analysis was performed for two 
case studies. One focuses on the flooding event 
caused by Hurricane Irma in Florida (FL), while the 
other focuses on the flooding caused by Hurricane 
Florence in North Carolina (NC). Based on the col-
lected information, the flooded pavement in FL case 
was composed of a 12.7cm asphalt layer, a 20cm 
granular aggregate base layer and sand subgrade. For 
NC case, it is presumed that the structure was the 
same as that in Florida case, with silt subgrade.  
   2-D hydrological models were developed. The 
model geometry is shown in Figure 4. Floodwater 
head was applied to the unpaved soil surface during 
inundation. Based on the collected information, the 
initial groundwater tables (GWT) were set at 0.5 and 
1.1 meters below surface in FL and NC cases, respec-
tively. During recovery, various weather conditions 
were collected and utilized for calculating the evapo-
ration rate, which was then subtracted from the pre-
cipitation rate to determine the net water influx during 
the recovery period, which was applied to the exposed 
soil as a boundary condition. The material properties 
can be found elsewhere (Zapata 2010). More details 
on hydrological models can be found elsewhere 
(Chen & Wang 2024b). 
 

 
Figure 4. Hydrological model   

4.2 Subsurface moisture variation 
Figure 5 shows the variation of moisture at top of ex-
posed soil, middle of base and top of subgrade. It 
shows that moisture in both cases illustrates a remark-
able daily variation because of the precipitation. This 
indicates that the moisture at top of exposed soil is 
significantly impact by the environmental factors.  
The moisture of base and subgrade differs between 
FL and NC cases because of different initial GWT 
and soil properties. During the initial phase of recov-
ery period, the unbound materials remained saturated 
and subsequently began to decrease gradually over 



time. The recovery time for both cases was around 
500 days. Compared with moisture of exposed soil, 
the effect of precipitation on moisture of pavement 
unbound material is much less significant. These 
demonstrates that the moisture within the pavement 
structure maintains relative stability despite environ-
mental fluctuations. 
 

 
 

Figure 5. Moisture content variations at different locations 

5 SUBSURFACE WEAKENING EFFECT 
5.1 Development of mechanistic model 
According to the pavement structure in FL and NC 
cases, a 3-D mechanical model was developed to an-
alyze pavement responses under moving loading. For 
unbound base and subgrade, the moisture-stress-suc-
tion dependent modulus model was used in this study. 
The moisture content distributions obtained from the 
hydrological model were imported as the initial con-
dition to calculate the non-linear modulus of unbound 
materials assuming moisture contents do not vary 
along traffic direction. The detailed model develop-
ment and material property parameters can be found 
elsewhere (Chen & Wang 2024c). 

 Figure 6 shows the critical responses of pave-
ments during recovery. It shows that after full satura-
tion, the maximum increases in tensile strains were 
9.5% and 13.2% for FL and NC cases, respectively. 
In contrast, the increases in compressive strain were 
much more substantial, rising to 22.8% for the FL 
case and 37.4% for the NC case. Compared to the in-
creases in tensile strain, the increases in compressive 
strain are more pronounced. This suggests that the 
flooded pavements in both cases are more susceptible 
to subgrade rutting than to fatigue cracking. 
 
5.2 Damage caused by subsurface weakening 
According to the pavement performance models for 
asphalt fatigue cracking and subgrade, the pavement 
responses can be further converted to the allowable 

loading repetitions to failure. Different axle configu-
rations and load magnitudes in the traffic mix can be 
converted into the number of equivalent single axle 
loading (ESAL, 80kN). Therefore, the damage ratio 
caused by traffic loading for each period after inun-
dation can be calculated. Detailed calculations can be 
found elsewhere (Chen & Wang 2024d).  
 

 
(a) 

 
(b) 

Figure 6. Variations in pavement responses during recovery: 
(a) Tensile strain at bottom of asphalt layer, (b) Compressive 

strain at top of subgrade 

   Based on the collected information, the daily 
ESALs was 478 during the recovery period. The daily 
damage ratios were calculated considering the effect 
of seasonal temperature variations on asphalt mix-
tures modulus. It reveals that, compared to the pre-
flooding conditions at the end of the recovery period, 
the difference in damage ratios between flooded and 
non-flooded cases are substantially higher at the be-
ginning phase of recovery. Figure 7 shows the total 
damage caused by unbound material modulus reduc-
tion during recovery period for FL and NC cases. It 
shows that the fatigue damage ratio increased by 1.16 
times and 1.08 times due to flooding for FL and NC 
cases, respectively. However, the impact on the sub-
grade was more significant. Flooding led to subgrade 
rutting damage rising by 1.38 times for FL case and 
1.82 times for NC case.  
 

  
 (a)                     (b)     

Figure 7. Total pavement damage during recovery period: (a) 
FL case, (b) NC case 



6 SUBGRADE EROSION POTENTIAL 
6.1 PWP within subgrade 
The focus of PWP was at the top of the subgrade, a 
location susceptible to erosion due to mass migration 
to the upper base layer. In the fully saturated state, the 
PWP under traffic loading reached as high as 10 kPa 
in the NC case and 8 kPa in the FL case. Based on the 
findings in the literature (Kermani et al. 2019), this 
PWP level is high enough to cause mass migration. 
Following the cessation of traffic loading, the PWP 
gradually returned to its initial level. Figure 8 depicts 
the fluctuations in maximum PWP over the recovery 
period. Although the initial maximum PWP is high, it 
significantly decreases at around 20 days of recovery. 
Moreover, the PWP further declines to below zero af-
ter about 50 days of recovery in both scenarios. A 
negative PWP implies that the water within the soil is 
under tension, a condition that does not cause erosion. 
Therefore, although the recovery period may extend 
up to 500 days, the risk of erosion is confined to the 
first one or two months. 

 
Figure 8. PWP at top of subgrade during recovery period 

6.2 Subgrade erosion potential 
The mass migration was used in this section to evalu-
ate the subgrade erosion potential due to the genera-
tion of PWP. An empirical equation was developed 
based on laboratory testing results from Kermani et 
al. (2019). It is important to note that this empirical 
equation is provided only for illustrative purposes be-
cause of limited data. Based on the traffic information 
during recovery and PWP levels, the total mass mi-
gration can be calculated and is shown in Figure 9. 
The total mass migrations in FL and NC cases are 
0.80% and 0.76%, respectively. 

 
Figure 9. Subgrade erosion in terms of mass migration during 

recovery 

7 CONCLUSIONS 

This study developed computation models to assess 
asphalt pavement resilience to flooding from both 
surface and subsurface aspects. The surface hydraulic 
scouring effect was characterized by hydro-mechani-
cal model. The subsurface saturation profile was ana-
lyzed by hydrological analysis. Based on saturation 
profiles, a mechanistic model was developed to cal-
culate the critical pavement responses and further 
quantify the damage caused by subsurface weaken-
ing. On the other hand, saturation profiles were also 
used to evaluate the subgrade erosion potential based 
on the hydro-mechanical modeling.  
   The developed computation models allow for 
comprehensively assessing the impact of flooding on 
pavement, facilitating the development of resilient 
pavement designs. 
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1 INTRODUCTION 
Mechanical stabilization of pavement base/sub-

base is often accomplished by using geosynthetics in 
these unbound aggregate layers. Given various geo-
synthetic products and different mechanisms in-
volved, an appropriate and quantitative evaluation 
method of geosynthetic effectiveness is necessary. 
Several methods have been proposed to incorporate 
geosynthetics into soft subgrade stabilization includ-
ing Steward et al. method (1978), Giroud et al. 
method (1981), Giroud and Han method (2004a and 
2004d) and Army Corps of Engineers Method (Tingle 
and Webster, 2003). Meanwhile, numerical simula-
tions utilizing finite element modeling (FEM) and 
discrete element modeling (DEM) to study mechani-
cal stabilization in paved roads and geogrid influence 
zones were available (McDowell et al. 2006; Kwon & 
Tutumluer 2009). Recent efforts to quantify the geo-
synthetic effectiveness include determining soil-geo-
synthetic composite stiffness (KSGC) (Zornberg, 
Roodi & Gupta 2017) and small-strain modulus 
measurement via Bender Element (BE) shear wave 
transducers. BE sensor technology successfully quan-
tified the modulus enhancement due to geosynthetics 
and distinguished different geosynthetics in a labora-
tory triaxial test setup (Byun et al. 2019). With such 
validation, a field BE sensor was developed as instru-
mentation for full-scale studies (Kang et al. 2021). 

The versatility of a BE field sensor aligns with the 
mechanical stabilization concept where the modulus 
enhancement can be measured at various distances 
away from an installed geosynthetic. With the use of 

a sublayering method, the stiffening due to geosyn-
thetic can be incorporated into mechanistic-empirical 
(M-E) pavement design procedures where mechani-
cally stabilized aggregate layer can be divided into 
sublayers having different moduli, i.e., higher modu-
lus near geosynthetic and standard aggregate modulus 
farther away from geosynthetic’s influence zone 
(Holtz, Christopher & Berg 2008; Vavrik 2018). 
Byun et al. (2023) adopted the sublayering method for 
a numerical simulation and demonstrated the poten-
tial effect of geogrid stabilization for improving the 
mechanical behavior of pavement structures. 

This paper describes an ongoing study where mod-
ulus enhancement due to geosynthetic stabilization 
was quantified via shear wave measurements using 
the BE sensor technology in both laboratory triaxial 
test setup and a large-scale testbed. Various geosyn-
thetics were evaluated in triaxial tests and geosynthet-
ics with good performance were also evaluated in the 
large-scale testbed with BE field sensors. The results 
from both experimental setups offered a comprehen-
sive insight of geosynthetic stabilization effective-
ness for mechanically stabilized aggregate layer in-
puts within the M-E pavement design framework. 

2 AGGREGATES AND GEOSYNTHETICS 

2.1 Aggregates 
A crushed limestone aggregate, conforming to Illinois 
Department of Transportation (IDOT) CA 6 dense-
graded aggregate band, was utilized in this study, as 
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shown in Figure 1. All triaxial specimens were engi-
neered to follow this gradation to eliminate any effect 
of grain size distribution on shear wave propagations. 

Following the standard Proctor compaction effort 
as per ASTM D698, the maximum dry density 
(MDD) and optimum moisture content (OMC) were 
determined as 2190 kg/m3 and 5.9%, respectively. To 
better represent conditions in field construction, all 
aggregate specimens were compacted at OMC target-
ing MDD and the final achieved densities for triaxial 
specimens ranged from 2190 kg/m3 to 2250 kg/m3. 

The same aggregates were utilized in large-scale 
testbed. For better consistency among test samples, 
air-dried aggregates were utilized to fill the testbed. 
The measured average water content was a low 
0.17%, corresponding to a very dry condition. The av-
erage density achieved was 1870 kg/m3 for large-
scale testbed tests, lower than the MDD and triaxial 
specimen achieved densities. The relatively lower 
density is not unexpected given the dry conditions. 

Figure 1. Aggregate gradation curve and the IDOT CA 6 band.  

2.2 Geosynthetics 
Various geosynthetics were evaluated including ex-
truded integral geogrids (i.e., one integral geogrid 
with various aperture geometries, three extruded ge-
ogrids with rectangular apertures yet different rib 
properties, one extruded geogrid with triangular aper-
tures), two welded geogrids with different rib 
strengths, one woven geogrid, one woven geotextile 
and one nonwoven geotextile. All geosynthetics 
tested herein are presented in Figure 2. Note that the 
photos show the individual geosynthetic coupons re-
covered from triaxial tests. 

Figure 2. Geosynthetic coupons recovered from triaxial tests. 

An example showing the placement of GG1 and 
GG4 in large-scale testbed is presented in Figure 3. 

Figure 3. Geosynthetic placement in large-scale testbed. 

3 EXPERIMENTAL SETUP AND METHOD 

3.1 Triaxial testing setup (TX-12) 
For laboratory triaxial tests, the TX-12 setup was uti-
lized to conduct the repeated load resilient modulus 
tests. The setup can accommodate specimens with 
150-mm in diameter and 300-mm height. Two inter-
nal linear variable differential transformers (LVDTs) 
were installed to measure axial deformations. The 
confining pressure was applied through compressed 
air inside the acrylic chamber. The load pulses were 
applied through a hydraulic pump and measured 
through a load cell at specimen top.  

If placed, the geosynthetic coupons were placed at 
specimen midheight while for control tests, no geo-
synthetics were included. Three pairs of BE sensors 
were placed at three different heights above specimen 
midheight to access the modulus enhancement level 
at different distances from the geosynthetic. The 
schematic drawing of the triaxial test setup along with 
a photo is shown in Figure 4.  

Figure 4. Triaxial test setup. 

3.2 Large-scale testbed 
A customized steel box was built to conduct the large-
scale tests which is 1.83 m in length, 0.91 m in width 
and 0.61 m in height. A 150-mm geofoam was placed 
at the bottom to simulate a uniform subgrade with a 
California bearing ratio (CBR) value of approxi-
mately 5. On top of geofoam, 102-mm of aggregates 
were compacted and then if applicable, the 



geosynthetic was placed. On top of geosynthetic, 305-
mm of aggregates were then compacted in four lifts. 

Similarly, three pairs of BE field sensors were 
placed at three different heights above geosynthetic. 
A 229-mm diameter earth pressure cell (PC) was 
placed vertically above the geofoam against the steel 
box wall. The center of PC was 114 mm above the 
geofoam, which was aligned with the height of bot-
tom BE field sensor. The schematic drawing of the 
large-scale testbed, photos showing the sensors and 
the completed test setup are presented in Figure 5.  

Figure 5. Large-scale testbed setup (1 ft. = 30.5 cm; 1 in. = 25.4 
mm) 

3.3 Shear wave collection 
The BE sensors in both setups work as a pair with one 
source sensor and one receiver sensor. The source 
sensor was excited through a wave generator and the 
shear wave propagates through the aggregate media 
to be received by the receiver sensor. Before final col-
lection, the received signals were filtered, amplified, 
stacked and averaged for a higher signal-to-noise 
(SNR) ratio. Compared to triaxial tests, the shear 
waves in large-scale testbed needed to travel a longer 
distance to reach receiver sensor. For this sake, a lin-
ear amplifier was used after wave generator to feed 
shear waves with higher amplitude into the source. 

In triaxial tests, the AASHTO T 307 test procedure 
was followed where resilient modulus can be deter-
mined at 15 different loading stages, featuring 3 devi-
ator stresses applied under 5 confining pressures (i.e., 
20.7, 34.5, 68.9, 103.4 and 137.9 kPa) after a condi-
tioning stage. Each loading stage consists of 100 hav-
ersine pulses. Resilient modulus was determined for 
each loading stage followed by the shear wave veloc-
ities measured at these confinement levels. Figure 6 

shows one example of shear wave profiles collected 
during testing the GG5 installed specimen. 

For large-scale testbed tests, a series of static loads 
were applied through a square steel plate placed at the 
center of the aggregate testbed surface. After apply-
ing each static load, shear waves were collected to as-
sess the changes in shear wave velocities (i.e., local 
modulus) with loading and unloading. Similarly, the 
shear wave profile with GG1 collected in large-scale 
testbed is shown in Figure 6.  

 
Figure 6. Shear waves collected from the two test setups. 

4 RESULTS AND DISCUSSION 

4.1 Stiffness enhancement in triaxial tests 
Both resilient modulus and small-strain shear modu-
lus from shear wave velocity measurements were de-
termined in triaxial tests. Yet, the resilient modulus 
could not distinguish different resilient response 
trends among geosynthetics, as also reported by pre-
vious researchers (Abu-Farsakh et al. 2012; Byun et 
al. 2019). Therefore, the results for resilient modulus 
tests are omitted here. The small-strain shear modulus 
can be determined using Equation (1).  
 
GBE = ρVs2 = ρ(Ltip-to-tip/t)2                       (1)
       
where ρ is bulk density, Vs is shear wave velocity, 
Ltip-to-tip is tip-to-tip distance between source and re-
ceiver sensor, and t is the first arrival time as high-
lighted with “x” symbol in Figure 6. Meanwhile, it is 
noted that every three signals shown in Figure 6 are 
similar in terms of shapes and first arrival time, which 
is due to the same confining pressure for every three 
measurements. Under the same confining pressure, 
although load pulses were applied in between, the 
specimens did not undergo significant deformation or 
skeleton changes, which led to similar shear wave ve-
locities collected. Therefore, a representative GBE 
modulus was computed at one confining pressure.  

To evaluate geosynthetic (GS) improvement when 
compared to a no-geosynthetic (control) scenario, the 
modulus enhancement ratio for different geosynthet-
ics is calculated using Equation (2). 

 



Enhancement Ratio = GBE with GS / GBE control (2) 
 
The enhancement ratio measured 13-mm above 

different geosynthetics is shown in Figure 7, which 
demonstrates the compatibility of different geosyn-
thetics with dense-graded aggregates. Since there 
were three pairs of BE sensors installed, the influence 
zone of different geosynthetics can also be deter-
mined. For example, for GG1, enhancement can still 
be measured 51-mm above while at 102-mm above, 
the modulus enhancement diminished.  

 
Figure 7. Enhancement ratio measured in triaxial tests. 

4.2 Stiffness enhancement in large-scale testbed 
Similarly, the enhancement and the influence zone 

can be quantified in large-scale testbed tests. The 
shear modulus profile for control and GG1 test are 
shown in Figure 8. Right above GG1, an average 15% 
modulus enhancement was achieved throughout dif-
ferent loading/unloading stages. While when at 142 
mm above, the enhancement ratio (modulus of GG1 
test compared to that of the control test) becomes 1, 
which indicates the GG1 influence zone as 142 mm. 

Figure 8. Geosynthetic influence zone measured in triaxial tests. 

Note that given different aggregate compaction 
conditions and loading stages, stiffness enhancement 
and influence zone values from two different setups 
may not exactly match. Yet, the mechanically stabi-
lized layer improvement trends agree with each other. 

5 CONCLUSIONS 

This paper presented results from an ongoing study 
aimed at investigating the effectiveness of geosyn-
thetics in mechanical stabilization and the extent of 
geosynthetic influence zone using the Bender 

Element (BE) shear wave sensor technology in both 
laboratory triaxial test setup and large-scale testbed. 
Different geosynthetic products were evaluated with 
a dense-graded base course aggregate material in me-
chanical stabilization and for the sample modulus en-
hancement. The enhancement ratios and extents of 
geosynthetic influence zone presented herein may 
provide geosynthetic specific quantitative inputs into 
mechanistic-empirical pavement design procedures.  
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7.1 
ADVANCES IN SMART AND NON-TRADITIONAL 

ROADWAYS AND RUNWAYS 



1 INSTRUCTION 

The rapid growth of the transportation sector has led 
to increased petroleum consumption and greenhouse 
gas (GHG) emissions, intensifying environmental 
challenges (Maione et al., 2016). Global initiatives 
emphasize the urgent need for sustainable energy so-
lutions, with transportation electrification at the fore-
front  (Madurai Elavarasan et al., 2022). Electric ve-
hicles (EVs) are a key component of this transition, 
projected to represent 50% of global car sales by 
2035, significantly reducing oil demand and carbon 
emissions (Iea, 2024). However, the widespread 
adoption of EVs would be facilitated by intelligent 
infrastructure capable of providing efficient, contin-
uous recharging while in motion. (Kuttah, 2022). 

Electric Road Systems (ERS), particularly those 
employing Wireless Power Transfer (WPT), offer a 
promising solution by enabling energy transfer be-
tween road-embedded transmitters and vehicle re-
ceivers (Soares and Wang, 2022; Chen, Taylor and 
Kringos, 2015). Despite their significant potential, 
WPT systems face critical efficiency challenges, 
primarily due to factors such as coil misalignment, 
the separation between them, and the electromagnet-
ic properties of the materials involved, which limit 
the overall system efficiency (Panchal, Stegen and 
Lu, 2018; Machura and Li, 2019; Gulisano et al.). 

Research highlights magnetite (Fe₃O₄) as a prom-
ising additive to improve the electromagnetic prop-
erties of bitumen. With high magnetic permeability, 

magnetite enhances energy transfer efficiency, rigid-
ity, and durability, making it ideal for ERS applica-
tions. Incorporating magnetite into bitumen im-
proves structural performance and interaction with 
advanced road technologies (Al-Kheetan et al., 
2022; Giustozzi et al., 2018).  

This study examines the optimization of mechani-
cal and electromagnetic properties in magnetite-
modified bitumen to enhance WPT system efficien-
cy, offering key insights for developing smarter, 
more sustainable road infrastructure through its ob-
jectives, methodology, results, and conclusions. 

Figure 1. WPT systems in pavements. Source: Author’s elabo-
ration 
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ABSTRACT: The increasing demand in transportation has led to higher petroleum consumption and green-
house gas emissions, emphasizing the need for sustainable solutions. Inductive Electric Road Systems (ERS) 
enable wireless power transfer (WPT) to electric vehicles, but their efficiency is limited by energy losses and 
low magnetic permeability in conventional asphalt layers. This study develops magnetite-modified bitumen 
binders to enhance magnetic permeability and system efficiency. Magnetite was incorporated into bitumen at 
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3.66% in efficiency in power transfer, optimizing their suitability for ERS applications. These findings high-
light the potential of multifunctional asphalt materials to enhance pavement performance and support road 
electrification.  



2 SCOPE AND OBJECTIVES 

This study aims to develop and evaluate magnetite-
modified bitumen with enhanced magnetic permea-
bility to improve the efficiency of Electric Road 
Systems (ERS), particularly for wireless power 
transfer (WPT) applications for electric road vehi-
cles.  

3 MATERIALS 

The study utilized 50/70 bitumen, characterized ac-
cording to the UNE-EN 12591 standard, as the base 
material (Figure 2a). Synthetic magnetite (Fe₃O₄) 
was incorporated as a filler, with particle sizes below 
0.01 mm. Magnetite's high density approximately 
5.18 g/cm³ (Figure 2b), and its hardness (5.5–6.5 on 
the Mohs scale) contribute to improved mechanical 
strength and thermal conductivity, enhancing the 
material's resistance to deformation and cracking 
(Patti et al., 2018). 

 

 
 
Figure 2. a) Bitumen 50/70 b) Magnetite filler F2O3 

4 METHODOLOGY 

This study evaluated the mechanical, rheological, 
and electromagnetic properties of 50/70 bitumen 
modified with magnetite filler. Magnetite was added 
volumetrically at 0% (Reference), 2% (M-2%), 5% 
(M-5%), and 10% (M-10%) concentrations, based 
on its potential to enhance material properties. 

Sample preparation involved heating bitumen to 
160°C, stirring it at 1400 rpm for five minutes, and 
gradually adding magnetite to ensure homogeneity. 
The mixture was stirred for an additional 10 
minutes, poured into molds, and cured for testing. 

Mechanical properties were assessed through 
penetration and softening point tests, while viscosity 
was measured using a Brookfield viscometer. Rheo-
logical behavior was analyzed with a Dynamic Shear 
Rheometer (DSR) to evaluate deformation re-
sistance. Electromagnetic tests focused on magnetic 
permeability and energy transfer efficiency, deter-
mining the modified bitumen's suitability for Elec-
tric Road Systems (ERS). 
 

 
 
Figure 3. Manufacturing process of magnetite-modified bitu-
men: a) Addition of magnetite filler; b) Mixing at 1400 rpm; c) 
High-shear mixing at 160°C; d) Pouring mixture into molds for 
testing. 

4.1 Mechanical Tests 
Penetration (ASTM D5): Evaluated bitumen con-
sistency by measuring the penetration depth of a 
needle under a 100 g load at 25°C for 5 seconds. 
Three measurements were taken for each of the three 
samples per magnetite content. 

Softening Point (ASTM D36): Assessed thermal 
susceptibility using the ring and ball test. The soften-
ing point was recorded as the temperature at which a 
steel ball penetrated the bitumen. Tests were per-
formed on three samples for each magnetite content. 

Dynamic Viscosity (ASTM D4402): Measured the 
bitumen's resistance to flow at high temperatures 
(90°C to 160°C) using a Brookfield viscometer, 
providing insights into its handling and pumping 
properties. 

Rheological Properties (ASTM D7175): Exam-
ined viscoelastic behavior with a Dynamic Shear 
Rheometer (DSR). Tests included frequency sweeps 
(0.1–10 Hz) and temperature ranges (25°C–75°C), 
determining dynamic modulus (|G*|) and phase an-
gle (δ) to evaluate deformation resistance. The mas-
ter curve of |G*| was constructed using the Standard 
logistic Sigmoid model and the shift factor was cal-
culated by the Williams-Landel-Ferry (WLF) shift 
function (Xue et al., 2024). 
 
 

 
 
Figure 4. a) Penetration test b) Softening point test c) Viscome-
ter Brookfield d) Dynamic Shear Rheometer (DSR) 

4.2 Electromagnetic Tests 
Resistance was measured using the four-probe 

method, applying current through outer probes and 
recording voltage between inner probes with a high-
impedance voltmeter, eliminating parasitic re-
sistances (Dieval et al., 2024). Samples, 40 mm cu-
bes with 10 mm height, were prepared with preheat-



ed molds at 100°C for optimal wire placement and 
consistent testing conditions (Figures 5a-c). 

Figure 5. Electrical characterization: a) Sample fabrication; b) 
Prepared sample with copper probes; c) 4-probe test circuit 
setup. d) Magnetic characterization setup  

Magnetic characterization involved measuring 
induced voltage drops and current variation using 
two coils separated by 1.5 cm, with a diameter of 2 
cm, and bitumen samples placed between them. A 
30V AC source powered the primary coil at 85 kHz, 
while the secondary coil recorded voltage. Tests 
were conducted at 20°C, with multiple measure-
ments ensuring reproducibility. Averaged values as-
sessed the effect of magnetite content on power 
transfer efficiency, and results were compared to the 
reference sample under consistent environmental 
conditions. 

5 RESULTS AND DISCUSSION 

The results demonstrate that incorporating magnetite 
into bitumen significantly enhances both its mechan-
ical and electromagnetic properties. Regarding 
thermal susceptibility, penetration tests reveal a clear 
trend of increased rigidity as magnetite content rises, 
decreasing from 67.97 mm/10 in the reference sam-
ple to 46 mm/10 with 2% magnetite, 40 mm/10 with 
5% magnetite, and 29 mm/10 with 10% magnetite. 
This represents a reduction of up to 56.74% in pene-
tration for bitumen containing 10% magnetite. This 
improvement enhances resistance under high traffic 
and warm climates, making it more suitable for such 
applications. However, balancing rigidity and flexi-
bility is essential to prevent cracking in cold envi-
ronments. Similarly, softening point tests indicate a 
progressive increase in thermal resistance, with val-
ues rising from 48°C in the reference sample to 
51°C with 2% magnetite, 53°C with 5% magnetite, 
and 56°C with 10% magnetite. This represents a 
14.28% increase in the softening point for 10% 
magnetite compared to the reference, suggesting en-
hanced durability under high-temperature condi-
tions. 

The viscosity results reveal a significant increase 
with higher magnetite content, highlighting its sub-
stantial impact as a filler. While the reference bitu-
men decreases in viscosity from 750 cP at 120°C to 
90 cP at 160°C, the addition of 10% magnetite raises 
these values to 2072 cP at 120°C and 283 cP at 

160°C. These increases represent 176.27% at 120°C 
and more than threefold at 160°C compared to the 
reference. For 2% magnetite, viscosities range from 
1456 cP at 120°C to 188.6 cP at 160°C, representing 
a 94.13% increase at 120°C compared to the refer-
ence. This consistent rise in viscosity reflects en-
hanced rigidity and flow resistance in the modified 
bitumen, confirming its mechanical improvements. 
However, the increased viscosity necessitates higher 
mixing temperatures during production to ensure 
proper workability. While the reference bitumen 
achieves suitable viscosity at approximately 140–
150°C, bitumen containing 10% magnetite requires a 
higher temperature of around 160°C for optimal 
handling and asphalt application. This contrast high-
lights the significant impact of magnetite as a filler, 
enhancing rigidity but demanding careful adjustment 
of production conditions to maintain workability. 

Rheological analysis (Figure 6) further supports 
these findings, showing that the dynamic modulus 
(|G*|) increases with magnetite content, particularly 
at higher frequencies, while the phase angle (δ) de-
creases. These results indicate a shift toward more 
elastic behavior, reducing viscoelasticity and en-
hancing rigidity. This combination of properties 
makes the modified bitumen better suited for heavy 
traffic loads and dynamic conditions, ensuring im-
proved performance under demanding scenarios. 

Electromagnetic tests reveal notable trends in 
magnetic properties. While no electrical conductivi-
ty was detected across the applied voltage range 
(1V–1000V), the magnetic results (Figure 7) show a 
consistent increase in the power received by the sec-
ondary coil with higher magnetite content. This con-
firms the positive effect of magnetite on the magnet-
ic performance of the system. With up to 10% 
magnetite, the WPT system efficiency improves by 
3.66% compared to the reference bitumen. This im-
provement is attributed to magnetite's high magnetic 
permeability, which reduces circuit reluctance and 
enhances coil coupling by concentrating the magnet-
ic flux. 

Figure 6. Master curves of the Dynamic modulus at 25ºC. 



 

 
 
Figure 7. Power Transmission and Efficiency in WPT. 

6 CONCLUSION 

The study confirms that incorporating magnetite 
into bitumen significantly enhances its mechanical 
and electromagnetic properties. Adding up to 10% 
magnetite improves rigidity and thermal stability, 
evidenced by a 56.74% reduction in penetration and 
a 14.28% increase in the softening point compared 
to the reference sample. These modifications en-
hance the bitumen's resistance and durability under 
high traffic loads and diverse climatic conditions. 
However, the increased viscosity with higher mag-
netite content requires adjustments in mixing and 
application temperatures, with 10% magnetite ne-
cessitating around 160°C for optimal handling dur-
ing production. Rheological results further support 
these findings, showing a rise in the dynamic modu-
lus and a decrease in the phase angle, indicating a 
beneficial shift toward more elastic behavior, essen-
tial for dynamic load conditions. 

Electromagnetic tests demonstrate a 3.66% im-
provement in WPT system efficiency with 10% 
magnetite, linked to its high magnetic permeability. 
This enhancement reduces circuit reluctance and 
improves coil coupling, optimizing energy transfer 
efficiency. These results highlight magnetite-
modified bitumen as a promising material for im-
proving the durability and functionality of electrified 
roads, supporting in-motion electric vehicle charg-
ing. By reducing reliance on fossil fuels and green-
house gas emissions, this material contributes to de-
veloping more sustainable and advanced 
transportation infrastructure. 
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1 INTRODUCTION 

Forwarding to a net-zero road infrastructure is a 
worldwide strategic goal, including the implementa-
tions of low-carbon materials, intelligent construction 
and in-situ testing, and digital twin-enabled mainte-
nance decision making. Among those solutions, recy-
cling and reusing waste plastics in asphalt pavement 
constructions are widely used practices that have pro-
duced many successful applications. There are two 
major methods for using waste plastics in asphalt 
pavements: wet process and dry process (You et al. 
2022). The former involves mixing waste plastics 
with bitumen to form a new type of modified bitu-
men, while the latter utilises waste plastics as a re-
placement for a portion of fine aggregates. As can be 
seen, the waste plastics are simply mixed with either 
the bitumen or asphalt concretes without considera-
tion of their interaction mechanisms. Other methods 
include mixing the waste plastic-derived components 
with bitumen after chemical treatments (e.g., pyroly-
sis), in an attempt to stabilise the waste plastic-bitu-
men mixture (Abdy et al. 2023). The main challenge 
of current practices for using waste plastics in asphalt 
pavements is that the waste plastics are used as either 
bitumen modifier or fine aggregate replacement, 
thereby limiting their applications in large dosages. 

Thus, finding ways to significantly increase the 
amount of waste plastics used in road constructions 
presents a challenge and requires innovative ap-
proaches beyond material processing. 

In 2018, the world’s first plastic road was opened 
in the Netherlands (Wavin 2018). It is a cycle path 
entirely made with recycled plastic-based modular 
components. This is a completely different approach 
compared to the current practices in road engineering; 
however, its material information and structural de-
sign are inaccessible which makes further research 
difficult. More importantly, whether this new type of 
prefabricated plastic pavement can be used in other 
application scenarios (e.g., motorway and urban road) 
is still unknown as its bearing capacity needs further 
investigations. Prefabricated pavement is not a new 
technology and many applications have been con-
ducted successfully, especially for concrete pave-
ments (Guo et al. 2024). Regarding this type of pave-
ment structure, attention should be given to the cross-
section profile optimisation, joint design, and inter-
face bonding characterisation. Compared to asphalt 
concretes, the waste plastic-extruded solid mixture is 
relatively soft with a typical stiffness from 600 MPa 
to 3500 MPa. However, it is worth considering 
whether the overall strength of prefabricated plastic 
pavement modules can be improved to meet the nor-
mal road design criteria by optimising its structural 
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form. This concept has the potential to be a promising 
solution for effectively reusing waste plastics in pave-
ment engineering. 

In summary, this paper is the first attempt to opti-
mise the structural forms of prefabricated plastic 
pavement modules based on their mechanical re-
sponses. This paper is organised as follows. The next 
section details the three different structural designs of 
prefabricated plastic pavement modules and their ma-
terial properties. The following section presents the 
governing equations and model information used in 
the finite element (FE) modelling. Finally, the com-
parisons of mechanical responses of different struc-
tural forms are presented, and conclusions and recom-
mendations are summarised in the last section. 

2 STRUCTURAL DESIGN AND MATERIAL 
PROPERTY 

Three types of structural forms were designed for the 
following comparative and optimisation study, con-
sidering their bearing capacity and manufacturing 
feasibility. Figure 1 shows the cross-section profiles 
and 3D structural forms of these hollow modules, in-
cluding the box girder (Type I), box girder with cyl-
inder support (Type II), and box girder with cone sup-
port (Type III). Besides, a typical asphalt pavement 
with a semi-rigid base was selected as the benchmark 
model. The asphalt concrete (AC) was then replaced 
by the prefabricated plastic modules in the FE model-
ling used for the following sections. Table 1 shows 
the pavement structural and material information. 

 
Figure 1. Structural design of prefabricated plastic modules. 

 
Table 1. Structural and material information (adapted 
from (Assogba et al. 2021)). 

Layer Material 
Thickness 
(cm) 

E 
(MPa) 

v  ρ (kg/m3) 

Surface 
AC 

20 
7000 0.3 2250 

PPM 2000 0.4 1230 
Base CTM 40 15000 0.25 2350 
Subbase CTS 20 4000 0.25 2300 
Subgrade Soil 200 60 0.4 2400 

Note: AC refers to asphalt concrete; PPM refers to prefabricated plastic 
module; CTM refers to cement treated macadam; CTS refers to cement 
treated soil. 

3 FINITE ELEMENT MODELLING 

This work employed a single tire moving load as the 
traction boundary condition. The contact pressure 
was set as 0.7 MPa and the vehicle speed was set as 
20 m/s. The tire-road contact area was simplified as a 
square with a 20 cm side length. Currently, all the ma-
terial models were assumed to be isotropic linear elas-
tic. Figure 2 shows the model geometry and boundary 
conditions. 

 
Figure 2. Pavement FE model. 
 

The following presents the governing equations 
for the initial-boundary value problem (IBVP) in the 
pavement response FE modelling. It should be noted 
that Rayleigh damping is used for each layer of mate-
rial in this dynamic analysis, and the coefficients were 
selected as 1.04 (𝛼𝑑𝑀) and 5.59e-3 (𝛽𝑑𝐾). More de-
tails regarding the pavement FE modelling can refer 
to the authors’ previous work (Zhang et al. 2024). 

Equilibrium equation: 

𝜌
𝜕2𝒖

𝜕𝑡2
+ 𝛼𝑑𝑀𝜌

𝜕𝒖

𝜕𝑡
= ∇ ∙ (𝝈 + 𝛽𝑑𝐾

𝜕𝝈

𝜕𝑡
) + 𝑭𝑽  (1) 

where 𝜌 is the density; 𝑡 is the loading time; 𝒖 is 
the displacement vector; 𝝈 is the second-order stress 



tensor, 𝑭𝑽 is the body force; and 𝛼𝑑𝑀 and 𝛽𝑑𝐾 are 
the coefficients of Rayleigh damping. 

Constitutive equation: 

𝝈 = 𝑪 ∶ 𝜺  (2) 

where 𝜺 is the second-order strain tensor; and 𝑪 is 
the fourth-order stiffness matrix. 

Kinematic equation: 

𝜺 =
1

2
[(∇𝒖)𝑇 + ∇𝒖]  (3) 

4 RESULTS AND DISCUSSION 

In this section, the mechanical analysis is conducted 
on the central cross-section when the vehicle load 
precisely aligns with the top of the prefabricated plas-
tic pavement module. 

First, the von Mises stress distribution and magni-
tude are presented in Figure 3 to compare the overall 
bearing capacity for the semi-rigid base pavement 
structures with asphalt concrete and three types of 
plastic modules. As can be seen, the hollow structure 
of prefabricated pavement module hinders the stress 
dispersion from the road surface to the underlying 
layers and thus, the maximum magnitude of von 
Mises stress is almost twice that of normal asphalt 
pavements and occurs at the joints of two modules. 
However, this adverse stress distribution can be opti-
mised by adding supports within the hollow struc-
tures, as shown in the results of Type II and Type III 
modules. The highest stress is localised at the edges 
of joint, and the overall stress dramatically decreases 
compared to the results of Type I structure. Further, 
the maximum stress is still much lower than the typi-
cal strength (higher than 2 MPa) of solid plastics and 
it is unlikely to result in strength failure. 

 
Figure 3. Comparison of von Mises stress. 

 
For a typical semi-rigid base pavement structure, 

the transition of compression-tension usually occurs 
at the semi-rigid base due to its relatively greater 
thickness and modulus. Thus, the mechanical analysis 
should focus on the vertical stress of the AC layer and 
the tensile stress of the semi-rigid base. Figure 4 
shows the comparison of vertical stress. As can be 
seen, the Type I structure has the highest vertical 
stress distributed through the joint of two modules. 
With the cylinder and cone supports, the vertical 
stress of Type II and Type III structures is similar to 
the traditional asphalt concrete layer, although there 
are still some stress concentrations at the sharp edges. 

 
Figure 4. Comparison of vertical stress. 

 
Figure 5 shows the comparison of the tensile stress 

along the moving load direction. Compared to the tra-
ditional pavement structure, the tensile stress at the 
bottom of the base layer of the Type I and Type II 
structures is relatively higher, while the Type III 
structure shows a similar tensile stress value when 
compared to the asphalt concrete structure. Moreover, 
higher tensile stress is found at the bottom of the top 
half-structure for those prefabricated modules, partic-
ularly for Type I structure. This phenomenon arises 
due to the bending characteristics of beam structures. 
The modules with supports can optimise this phenom-
enon by localising the high tensile stress at the joints. 

In addition to analysing these stress distributions, 
Figure 6 shows the comparison of the tensile strain 
along the moving load direction. The tensile strains 
for the three types of plastic modules are much higher 
than those in the asphalt concrete due to their rela-
tively lower modulus. The structures of Type II and 
Type III modules can reduce the areas with large de-
formations. Although the maximum strain under a 
single vehicle load would not reach the failure strain 



of plastics, whether or not there would be fatigue fail-
ure requires further investigations. 

 
Figure 5. Comparison of tensile stress. 

 
Figure 6. Comparison of tensile strain. 

5 CONCLUSIONS AND RECOMMENDATIONS 

This paper compares the mechanical responses of dif-
ferent types of prefabricated plastic pavement mod-
ules with traditional asphalt pavement structures, 
aiming to optimise their structural design. The major 
conclusions are as follows: 
 
• The stress and strain in the prefabricated plastic 

module are higher than those in the asphalt 

concrete layer due to the hollow structure and its 
relatively lower modulus. 

• Replacing asphalt concrete with the prefabricated 
plastic module would not affect the mechanical 
responses of the layers below the surface layer. 

• The stress distribution can be optimised by adding 
supports within the hollow structure. 

• The prefabricated plastic pavement modules are 
unlikely to experience strength failure according 
to this case study. 

 
More structural designs with different types of 

support are needed in future work. In addition, a more 
realistic material model (e.g., elasto-plastic) is re-
quired, along with the model parameter calibration. 
More importantly, the screening of joint materials and 
designs is critical to further optimising the stress dis-
tribution and dispersion in the prefabricated plastic 
pavement modules. 
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7.2 
AI AND MACHINE LEARNING TECHNOLOGIES 

IN PAVEMENT ENGINEERING AND 
PERFORMANCE PREDICTION 



1 LITERATURE REVIEW 

Faulting is a major issue in jointed concrete pave-
ments (JCPs). Many prediction models are being de-
veloped for predicting fault failure. In the AASHTO 
1993 version of the pavement design guide, faulting 
and cracking were accounted for by maintaining and 
serviceability above a defined threshold. In the 1990s, 
Simpson et al. attempted to separate these two con-
cerns and forecast faults independently based on 
pavement design, traffic, weather conditions (Simp-
son et al., 1994). In recent years various studies sug-
gested that faulting in rigid pavements, particularly in 
Jointed Plain Concrete Pavement (JPCP), is influ-
enced by a multitude of factors that span structural, 
environmental, and design considerations (Hossain, 
Gopisetti and Miah, 2019; Ehsani, Moghadas Nejad 
and Hajikarimi, 2023; Ahmed, Isied and Souliman, 
2024). Traffic loads and the cumulative effect of axle 
load distributions are significant contributors, as they 
induce stress and deformation in the pavement layers, 
particularly affecting the base layer's plastic defor-
mation (Chen, Saha and Lytton, 2020). Most of the 
prediction models used the LTPP database in which 
Faulting data include faulting measurements at dow-
eled and non-doweled joints and some measurements 
at transverse crack locations. Ehsani et al. used both 
artificial neural and random forest methods with 19 
input variables to develop a prediction model (Ehsani, 

Moghadas Nejad and Hajikarimi, 2023). Ker et al. de-
veloped a prediction model for transverse joint fault-
ing incorporating the ERESBACK 2.2 program for 
back calculation to get more accurate data (Ker, Lee 
and Lin, 2008). The mechanistic-empirical erosion-
based faulting model incorporated traffic parameters 
with the application of erosion test showed the corre-
lation between traffic and environmental factors with 
faulting (Jung and Zollinger, 2011). The current fault-
ing model integrated into the Pavement ME design 
procedure considers pavement response, climatic 
conditions, traffic, and base erodibility. This model is 
uniformly applied to all types of jointed concrete 
pavements, regardless of their structural makeup 
(such as conventional concrete pavement, unbonded 
concrete overlay, bonded concrete overlay, etc.). This 
suggests that the pumping mechanism is assumed to 
be consistent across all pavement structures. Further-
more, it assumes uniformity in the rate of faulting de-
velopment and the maximum faulting regardless of 
pavement structure. The focus of this study is to build 
an ANN model capable of predicting faulting for dry 
regions by incorporating both structural and environ-
mental variables of JPCP. 

A comparative analysis of machine learning models for predicting 
faulting in jointed plain concrete pavements 

T. Ahmed, M. Isied, M.I. Souliman
The University of Texas at Tyler, Tyler, Texas, The United States 

ABSTRACT: Faulting is defined by variations in elevation at transverse joints in Jointed Plain Concrete Pave-
ments resulting from environmental factors, subgrade properties, and traffic loads. It is a major distress for rigid 
pavements, possessing crucial challenges for maintaining road safety standards. Traditional regression methods 
often fail to address the complexities of faulting, while machine learning approach utilizes data driven learning 
to enhance prediction accuracy. Datasets for this study were sourced from the LTPP database, focusing on dry 
climate zones. Key environmental factors affecting wheel path faulting include Yearly Precipitation, Tempera-
ture, Freeze-Thaw Cycles, along with structural properties such as Pavement Thickness, Pavement Age, Tensile 
Strength, and Optimum Moisture Content are utilized as model input. Five machine learning methodologies, 
including Support Vector Machine, Decision Tree, Linear Discriminant Analysis, Ensemble and Artificial Neu-
ral Network were implemented. Among these, ANN demonstrated highest prediction accuracy, attaining an R² 
of 0.81. The ANN model was further evaluated to assess the influence of the input variables on the model output 
through sensitivity analysis. 



2 OBJECTIVES 

The main objective of this research is to explore the 
potential of machine-learning approaches mainly 
neural network base models for the JPCP faulting pre-
diction. Datasets are collected from LTPP to train the 
model for the dry climatic zone in the US. Addition-
ally, to confirm the internal relationship among input 
parameters and their corresponding output results, a 
sensitivity analysis on the best model was evaluated. 

3 DATA COLLECTION, SELECTION, AND 
PROCESSING 

For training the neural network model data sets are 
collected from The LTPP database. The LTPP pro-
gram regularly collects joint and crack faulting data 
at each jointed concrete pavement test site using the 
Georgia Fault Meter (GFM) . Figure 1 shows the dia-
gram for GFM faulting measurement.  

 
Figure 1. Diagram of manual Faulting measurement using the 
GFM. (Source: FHWA). 

 
The faulting measurements over 30 years of 

lifespan at the wheel path for the Dry-Freeze and Dry 
No-Freeze climate regions subjected to this study are 
shown in Figure 2. A total of 190 observations in 8 
states are fed into the models. 

 

 
Figure 2. Study Area Containing States with observations num-
bers in Dry Climatic region. 

 

  The prediction models require the normaliza-
tion of datasets before the training phase. The maxi-
mum, minimum, average, and standard deviation of 
the training dataset are outlined in Table 2. These sta-
tistical values are subsequently employed in the equa-
tion formulation process. The ESAL ranges signifi-
cantly, with a high standard deviation (501,379) 
indicating a wide range of traffic loads are taken into 
consideration while developing forecast models. 

  
Table 1.  Descriptive Statistics of the Model Training 
Data. 
Inputs Minimum Maximum 
ESAL 1995922 1887 
Annual Precipitation (mm) 785.7 70.2 
Annual Average Temp ( °C) 19 5.3 
FT Cycle (days) 195 12 
Tensile Strength (psi) 846 471 
Pavement Thickness (mm) 11.7 8.1 
Pavement Age (yr) 39 1 
Optimum Moisture Content (%) 14 2 
Inputs Average Standard 

Deviation 
ESAL 698061 501379 
Annual Precipitation (mm) 269.72 132.02 
Annual Average Temp ( °C) 10.59 2.15 
FT Cycle (days) 116.18 41.25 
Tensile Strength (psi) 691.78 127.11 
Pavement Thickness (mm) 9.34 0.88 
Pavement Age (yr) 21.6 9.13 
Optimum Moisture Content (%) 7.87 3.71 

 
The database included four environmental and 

four structural factors which are shown in Figure 3. 
 

Figure 3. Input Variables for ANN model training. 
 
The linear regression analysis demonstrates the 

correlation between the input and output parameters, 
which was subsequently assessed through the corre-
lation heatmap illustrated in Figure 4. The variable 



ESAL and the thickness of the pavement exhibit high-
est  positive correlation, attaining a value of 0.5. In 
contrast, the annual mean temperature displays a con-
siderable negative correlation (-0.74) with the occur-
rence of faulting, thereby signifying a strong inverse 
relationship between the two variables. 

Figure 4. Correlation heatmap between input parameters and 
output parameters.  

4 FAULTING PREDICTION MACHINE 
LEARNING MODEL DEVELOPMENT 

In the field of forecasting models, significant progress 
has been made with the introduction of Machine 
learning as a computational model. These networks 
are inspired by the workings of neurons in the human 
brain, and they leverage learning algorithms that can 
adapt and improve as new data is collected. As a re-
sult, they are particularly effective at modeling non-
linear statistical data.  

 Five machine learning models: Artificial Neural 
Network (ANN), Decision Tree, Linear Discriminant 
Analysis (LDA), Ensemble, and Support Vector Ma-
chine (SVM) were developed to forecast faulting. The 
coefficient of determination (R²) of all the developed 
models are depicted in Table 2.  

Table 2: coefficient of determination (R²) of all the 
prediction models. 

Prediction Model Coefficient of 
Determination 
(R²) 

Artificial Neural Network (ANN) 0.81 
Decision Tree  0.58 
Linear Discriminant Analysis (LDA) 0.41 
Ensemble  0.62 
Support Vector Machine (SVM) 0.43 

The ANN model achieved the highest R² value 
(0.81), signifying its competence in capturing the in-
tricate and nonlinear relationship of input parameters 
associated with faulting, attributable to its adaptabil-
ity in modeling. The Ensemble model exhibits mod-
erate performance with an R² of 0.62, gaining ad-
vantages from the clustering capabilities of multiple 
predictive outputs, although it lacks the depth of 
ANN’s feature extraction. The Decision Tree and 
SVM models showed relatively lower R² values of 
0.58 and 0.43, respectively, likely due to their limita-
tions in handling nonlinear or noisy data. LDA under-
performs with the lowest R² of 0.41, reflecting the in-
adequacy of a linear approach for this problem. 
Overall, these findings underscore the premise that 
nonlinear models, especially ANN, are more suitable 
for faulting prediction, as they can capture the under-
lying complexity of pavement faulting behavior in 
JPCP. Figure 5 represents the regression plots of all 

the forecast models. 
Figure 5. Regression plots of the prediction model’s output - (a) 
Artificial Neural Network, (b) Decision Tree, (c) Linear Discri-
minant Analysis, (d) Ensemble and (e) Support Vector Machine. 

5 SENSITIVITY ANALYSIS OF THE 
DEVELOPED ANN MODEL 

To investigate how an individual input variable is re-
lated to the output, the change of predicted faulting vs 
the change of a single input variables is plotted for the 
ANN model. The sensitivity analysis presented in 
Figure 6 illustrates the principal factors influencing 
the faulting model in rigid pavement structures. The 
variables of traffic load (ESAL), temperature, and 
precipitation exhibit a positive correlation with fault-
ing, thereby indicating that traffic volumes, elevated 
temperatures, and increased rainfall intensify pave-
ment faulting. The structural attributes of the JPCP, 
including tensile strength and thickness, serve to 
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mitigate faulting, thereby implying that pavements 
exhibiting greater strength and thickness demonstrate 
enhanced resilience. Freeze-thaw cycles and pave-
ment age also contribute to higher faulting, reflecting 
the impact of environmental stresses and aging on 
pavement degradation. Moreover, an elevated opti-
mum moisture content amplifies the occurrence of 
faulting, highlighting the critical need for moisture 
regulation. These results suggest that faulting predic-
tion models should prioritize traffic, environmental 
conditions, and structural factors to improve predic-
tive accuracy. 

Figure 6. Sensitivity Analysis of predicted faulting (mm) with 
the change of each input variable - a) ESAL, b) Annual Mean 
Temperature, c) Total Annual Precipitation, d) Tensile Strength, 
e) Freeze-Thaw Cycle, f) Pavement Age, g) Pavement Thick-
ness, h) Optimum Moisture Content.

6 CONCLUSIONS 

With the help of machine learning approach, predic-
tion model for faulting in Rigid Pavements for Dry-
Freeze and Dry No-Freeze Climatic Zone was devel-
oped. For training the ANN model, 190 observations 
over the 30 years of lifespan were evaluated. Based 
on literature reviews four structural and four environ-
mental parameters were selected which are ESAL, 
Annual Precipitation (mm), Annual Average Temp 
(°C), FT Cycle (days), Tensile Strength (psi), Pave-
ment Thickness (mm), Pavement Age (yr), Optimum 
Moisture Content (%). By incorporating these envi-
ronmental, structural, and traffic elements, the model 
aims to anticipate faulting in rigid pavements in dry 

regions. The conclusions and suggestions in the fol-
lowing bullets are based on the analysis and study 
findings: 

1. In the present study, five Machine learn-
ing based faulting models are created. In train-
ing, and testing, the model's performance for 
making predictions was comparable. 

2. Among all the developed models, ANN
achieved the highest prediction accuracy with a 
R2 of 0.81 followed by Ensemble and Decision 
Tree with a R2 of 0.62 and .58 respectively.  

3. Based on the Sensitivity analysis among
all the input variables, thickness, and tensile 
strength have a major effect on the faulting miti-
gation of rigid pavements. On the other hand, 
temperature and precipitation and Freeze-thaw 
cycles intensify JPCP faulting.  

4. As all the model input parameters are pre-
sented. Future users will be able to reproduce the 
models and utilize them for different regions. 
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1 INTRODUCTION 

Machine learning (ML), a dynamic subset of artifi-
cial intelligence (AI), emphasizes creating algo-
rithms that can learn and improve autonomously 
from data without being explicitly programmed. 
These algorithms process extensive datasets to un-
cover patterns, trends, and correlations, enabling 
them to make predictions or decisions based on the 
insights they gain (Khuntia et al., 2014). As ML sys-
tems are exposed to new data, their predictive accu-
racy and performance evolve over time. The adapta-
bility and broad applicability of ML make it 
valuable in numerous fields such as healthcare, fi-
nance, marketing, and beyond. It empowers automa-
tion, enhances efficiency, and extracts insights from 
data that might elude human analysis. Consequently, 
ML has the potential to transform industries and fos-
ter innovation by leveraging the untapped value em-
bedded in vast data repositories (Goel et al., 2022).  
In recent years, the adoption of ML techniques in 
transportation engineering has garnered significant 
attention and is set to revolutionize the field in vari-
ous aspects (Uwanuakwa et al., 2020). For instance, 
in the performance of asphalt mixtures, ML offers 
considerable potential for delivering accurate and 
dependable predictions regarding material behavior, 
performance characteristics, and failure mecha-
nisms. 
The resilient modulus (MR) of asphalt is a critical 
parameter used to evaluate its elastic behavior under 
repeated loading, providing insight into its perfor-
mance and durability in pavement structures. Con-
ducting experimental studies to determine MR re-
quires sophisticated and costly laboratory setups, 
including advanced testing equipment and precise 
control of variables such as temperature, load fre-
quency, and specimen preparation (G. Shafabakhsh 
& Tanakizadeh, 2015). These challenges make ex-
perimental determination of MR a complex and re-
source-intensive process. However, to overcome 
such limitations, researchers increasingly opt for ML 
techniques as an alternative. ML offers a cost-
effective and efficient approach to predict MR by 
using existing experimental data, thereby bypassing 
extensive physical testing but maintaining a high de-
gree of accuracy in the predictions. 

Many studies on asphalt pavement utilized machine 
learning technique-based approaches such as Artifi-
cial neural Network (ANN) and support vector ma-
chines (SVM) methods towards performance predic-
tion and simulation through different scenarios that 
have similarly been concerned with parameters, such 
as temperatures and loadings due to traffic condi-
tions (Gulisano et al., 2024). Zhang et al. (2021) 
used ML methods, specifically SVM and genetic 
programming (GP), for the prediction of Marshall 
parameters in flexible pavement base and wearing 
courses by using the data obtained from four differ-
ent road sections located in Pakistan. Results show 
that SVM presents higher prediction accuracy than 
GP (R > 0.85) whereas GP presents a validated em-
pirical formulation for a practical estimation of Mar-
shall parameters (Zhang et al., 2021). Similarly, 
study by Shafabakhsh et al. (2021) utilized ANN for 
performance predicting of pavements in terms rut-
ting (G. H. Shafabakhsh et al., 2015). Other studies 
have been related to the use of deep learn-ing tech-
niques to overcome limitations imposed by data. 
Bongjun et al. (2023) proposed a Bayesian deep 
learning framework for prediction of asphalt binder 
rheological properties using Atomic Force Micros-
copy images and Dynamic Shear Rheometer tests 
with improvements in prediction accuracy, reduc-
tion of testing time, operator-independent test re-
sults, and uncertainties. (Ji et al., 2023). ML has 
similarly been used to model the effects of rejuvena-
tors and modifiers on asphalt, mostly in reclaimed 
asphalt pavement (RAP) mixtures (). Additionally, 
studies like those by Ayazi et al. (2024) employed 
ML techniques to estimate the effects of rejuvena-
tors on the mechanical properties of RAP, targeting 
to optimize the mix design for enhanced perfor-
mance (Ayazi et al., 2024). In addition, deep learn-
ing methods have been increasingly applied to over-
come the limitations of data in RAP aggregates 
performance prediction. Atakan et al. (2024) showed 
the role of aggregate surface area (ASA) and number 
of aggregates (NA) in ML models for hot-mix as-
phalt de-sign. The study showed that gradation in-
puts alone were sufficient for accurate predictions, 
with R² values up to 0.99, indicating that gradation 
is the most important feature (Atakan et al., 2024).  
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The aim of this research is to investigate the possi-
bility of ML techniques in predicting the MR of as-
phalt mixtures that contain different percentages of 
RAP, modified with rejuvenators. The dataset for 
this study was obtained from an experimental analy-
sis where asphalt mixes containing RAP contents 
ranging from 0% to 100% were tested at different 
temperatures (25°C, 35°C, and 45°C) to measure the 
MR value. This research study shall focus on apply-
ing ML models viz. Random Tree (RT), KNN, 
ANN, GP to predict the values of MR against the 
experimental data. This set of ML models trained on 
the dataset so as to identify the inter-relations be-
tween RAP content and rejuvenator usage, Tempera-
ture, and other input variables with MR values. 

2 METHODLOGY 

2.1 Data Collection and Experimental Setup 

Figure 1. Adopted methodology flow chart 

Experimental data for this study were collected 
through laboratory tests, where asphalt mixes were 
prepared with RAP content ranging from 0% to 
100% as per ASTM D-6927 (ASTM-D6927, 2015). 
Rejuvenators were added to the mixtures to assess 
their impact on the mechanical properties of the as-
phalt. Three temperature conditions were chosen for 
testing: 25°C, 35°C, and 45°C, representing typical 
environmental conditions encountered in pavement 
engineering. The resilient modulus of each mix was 
determined using a repeated load test as per ASTM 
D-7369, following established procedures for meas-
uring asphalt's elastic properties under different
loading conditions. The dataset was divided into two
parts: a training set (70%) and a testing set (30%) to
evaluate model generalizability. The main features
included RAP content, rejuvenator dosage, and test
temperature, while the target variable was MR value.
Once trained, the machine learning models were
tested on the unseen testing dataset. The predicted

MR values were compared with the experimentally 
measured MR values to evaluate the accuracy and 
reliability of each model. The results were analyzed 
to determine which model provided the best predic-
tions, and how well the models could generalize to 
new, unseen data.  

2.2 Machine Learning Models 

To predict the resilient modulus (MR) values, four 
machine learning models were employed: Random 
Tree (RT), k-Nearest Neighbor (KNN), Artificial 
Neural Network (ANN), and Gaussian Process (GP). 
These models were selected for their proven ability 
to handle complex and non-linear relationships in-
herent in the behavior of asphalt mixtures. RT is a 
decision-tree-based algorithm that has been known 
for its interpretability and efficient handling of struc-
tured data (Gul et al., 2022; Mirzahosseini et al., 
2011; G. H. Shafabakhsh et al., 2015; Shah et al., 
2020). KNN, a non-parametric approach, predicts 
outputs based on the nearest neighbors in the da-
taset, making it effective for capturing localized pat-
terns. ANN, inspired by biological neural systems, 
models highly non-linear relationships through inter-
connected layers of nodes optimized iteratively. GP 
is a probabilistic approach that makes predictions 
with associated uncertainty measures, which is use-
ful in scenarios where the dataset is very small or re-
liability is very important. These models were as-
sessed using statistical performance metrics: CC, 
MAE, RMSE, RAE, and RRSE, thereby ensuring 
that the predictions made are robust and accurate.  

3 RESULT AND DISCUSSION 

As presented in table 1, in the training phase, KNN 
emerged as the best-performing model, achieving a 
perfect correlation coefficient (CC) of 1, the lowest 
mean absolute error (MAE) of 4.4056 MPa, and the 
lowest root mean square error (RMSE) of 6.0069 
MPa. Additionally, it exhibited minimal relative ab-
solute error (RAE) and root relative squared error 
(RRSE) at 0.2416% and 0.2919%, respectively. RT 
followed closely with an almost perfect CC of 
0.9999, MAE of 12.5389 MPa, and RMSE of 
22.5289 MPa. Although the RAE and RRSE values 
for RT were slightly higher at 0.6875% and 
1.0947%, its performance remained strong. ANN al-
so demonstrated good performance with a CC of 
0.999, but its error metrics, including an MAE of 
89.7262 MPa, RMSE of 111.1387 MPa, RAE of 
4.9198%, and RRSE of 5.4004%, were notably 
higher than those of KNN and RT. On the other 
hand, GP with the Karnal kernel showed the lowest 

Model Performance Evaluation

D
at

as
et

 C
ol

le
c-

tio
n 

Resilient Modulus Determination 

Experimental Investigation Soft Computing 

Resilient Modulus 

Specimen Preparation Random Tree 
K- Nearest Neighbor

Artificial Neural Network 
25 °C, 35 °C, 45 °C

GP- Karnal 
Naïve Bayes

aive Bayes

Remarks 



performance during training, reflected by a CC of 
0.9934, the highest MAE of 276.4941 MPa, RMSE 
of 331.7603 MPa, RAE of 15.1606%, and RRSE of 
16.1206%. 

 
 

 

Figure 2. Concordance Plot for Actual vs. Predicted MR of (a) 
Random Tree (b) K- Nearest Neighbor 

 
The testing dataset revealed some variations in the 
models’ performance. RT maintained its high accu-
racy with a CC of 0.9958, MAE of 205.4771 MPa, 
and RMSE of 222.79 MPa, along with relatively low 
RAE and RRSE values of 10.83% and 10.0833%, 
respectively. KNN showed a slight decline in per-
formance compared to training, with a CC of 0.9863, 
MAE of 268.1237 MPa, RMSE of 371.8429 MPa, 
RAE of 14.1319%, and RRSE of 16.8377%. ANN 
exhibited strong performance during testing, achiev-
ing a CC of 0.9945, the lowest MAE of 180.7487 
MPa, and RMSE of 236.9227 MPa, coupled with 
moderate RAE and RRSE values of 9.5266% and 
1.7283%, respectively. Conversely, GP’s perfor-
mance remained relatively low, with a CC of 0.9935 
and the highest error metrics: MAE of 315.8525 
MPa, RMSE of 350.4324 MPa, RAE of 16.6475%, 
and RRSE of 15.8682%. 
 

 

 

 
Figure 3. Concordance Plot for Actual vs. Predicted MR of (a) 
Artificial Neural Network (b) Gaussian Process 

 
Figure 2 (a, b) depict scatter plots of actual versus 
predicted resilient modulus values for RT and KNN 
models, respectively, illustrating a strong alignment 
between actual and predicted values for both mod-
els, with KNN demonstrating near-perfect accuracy 
during training. Figure 3 (a, b) presents similar plots 
for ANN and GP models, where ANN shows robust 
performance, particularly in the testing phase, while 
GP exhibits greater deviation, indicating compara-
tively lower accuracy. Overall, KNN demonstrated 
the best performance in the training dataset, achiev-
ing perfect accuracy with minimal error metrics, 
whereas ANN emerged as the most accurate model 
during testing with the lowest MAE and RMSE val-
ues. RT consistently performed well across both da-
tasets, and GP with the kernel lagged behind the 
other models in terms of prediction accuracy and er-
ror metrics. Performance Assessment parameters of 
all applied models in both training and testing stages 
are tabulated in table 1. And relative error among ac-
tual data and predicted data is presented in figure 5. 
 



Figure 5. Relative error in both training and testing stages 

Table 1. Performance parameters metrics of used models 

Models CC MAE (MPa) RMSE (MPa) RAE (%) RRSE (%) 

Training  

RT 0.9999 12.53 22.52 0.68 1.09 

KNN 1 4.40 6.06 0.24 0.29 

ANN 0.999 89.72 111.13 4.91 5.40 

GP 0.9934 276.4 331.76 15.1 16.12 

Testing  

RT 0.9958 205.4 222.79 10.8 10.08 

KNN 0.9863 268.1 371.84 14.1 16.83 

ANN 0.9945 180.7 236.92 9.52 1.72 

GP 0.9935 315.8 350.43 16.6 15.86 

4 CONLUSION 

This study demonstrates the effectiveness of ma-
chine learning models RT, KNN, ANN, and GP—in 
predicting the MR value of asphalt mixtures. Among 
these models, KNN emerged as the most reliable 
during the training phase, achieving perfect accuracy 
with minimal error rates. ANN performed excep-
tionally well during the testing phase, offering the 
lowest error metrics and maintaining high accuracy. 
RT consistently delivered strong predictive perfor-
mance across both datasets, proving its robustness. 
In contrast, the GP model showed relatively lower 
accuracy, reflecting room for improvement in its 
predictive capabilities. 
These findings highlight the applicability of machine 
learning techniques in pavement engineering, where 
accurate predictions of material properties are cru-
cial for design and maintenance. The results under-
line that selecting an appropriate model depends on 
the desired balance between accuracy and error tol-
erance for specific applications. 
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1 GENERAL INTRODUCTION 

1.1 German motorway network 
Besides being notable for the absence of a speed 
limit, Germany's motorway network is the second 
longest in Europe after Spain's (Eurostat 2024). The 
German motorway network requires the allocation 
of approx. €3.3 billion in annual maintenance costs 
(BMDV 2024). The role of civil engineering struc-
tures and pavements in this context is of considera-
ble importance. As illustrated in Figure 1, the most 
prevalent material used for the top layer of pave-
ments in Germany is asphalt. 

Figure 1. Top layer types at the German motorway network 
with all lanes (BMDV 2023). 

Stone mastic asphalt (SMA) is a widely used as-
phalt mixture throughout the European Union 
(EAPA 2018), and it is also the most commonly 
used in Germany (Fig. 1). Consequently, this paper 
will focus on the condition of pavements with SMA.  

1.2 Pavement condition monitoring 
To assess the condition of the pavement, characteris-
tics such as rutting, longitudinal evenness, skid re-
sistance and surface damage (such as cracking), are 
monitored for all German federal motorways and 
highways with measurement vehicles on a four-
yearly basis, resulting in the road monitoring and as-
sessment (ZEB) database (FGSV 2018). The surface 
damage is monitored by cameras, that produce a sur-
face photograph that can be used to identify cracks 
as small as 0.5 mm. To ascertain the skid resistance 
of the road, the widely accepted sideways-force 
measurement method is employed. Unevenness in 
the longitudinal and transverse direction is measured 
using lasers.  

Transverse evenness is measured with lasers posi-
tioned at the rear of a measuring vehicle. Figure 2 
shows the measuring principle with the specified 
distances for motorways. 

Figure 2. Measuring of transverse evenness (FGSV 2009). 

The data points provide a transverse profile from 
which the rut depth and the water depth of the rut 
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can be calculated, which together represent the 
transverse evenness. The rut depth is calculated with 
a digital 2-metre bar placed over the transverse 
pavement profile. To determine the water depth, 
which indicates the depth of the water in the ruts, the 
transverse slope is considered (Fig. 3).  

Figure 3. Calculation of the water depth (FGSV 2018). 

For asset management purposes, both physical 
values are converted into dimensionless condition 
grades, shown in Figure 4. 

 Figure 4. Normalization of rut depth to condition grades be-
tween 1 and 5 (higher values are worse) (FGSV 2018). 

If the rut depth exceeds 10 mm the warning value 
is reached and a detailed analysis of the road is re-
quired. Structural or traffic measures must be exam-
ined when the threshold value of 20 mm is reached 
(Fig. 4). For water depth, the warning value is 4 mm, 
while the threshold value is 6 mm. 

2 FORECAST ALGORITHM 

2.1 Forecast Algorithms   
Maerschalk (1997) and Molzer et al. (2000) devel-
oped the initial condition prediction models for 
transverse evenness in German-speaking countries. 
Both models are based on simple functions with 
time dependence and factors for traffic load and 
pavement design. Subsequent research led to the de-
velopment of models based on axle load, as evi-
denced by Hinsch et al. (2005). Following a critical 
review of previous forecasting models by Socina 
(2007), the Curve-Shifting-Method was developed 
by Maerschalk & Socina (2008). This Method re-
mains a frequently used approach in Germany today 
(BMDV 2019).  

In the Curve-Shifting-Method, four exponential 
behavior functions and classes are defined that de-

scribe the degradation of a condition grade over 
time. Given an actual age and condition grade of a 
pavement section, the corresponding curve is shift-
ed, as illustrated in Figure 5. This shifted function is 
then used to predict future condition grades for that 
section. 

Figure 5. Example of curve-shifting-method for rutting depth.  

More recent international research by Choi & Do 
(2020) or Cheng et al. (2023) attempts to determine 
the rut depth by considering traffic, climate, struc-
ture and maintenance data. In principle, satisfactory 
results (Choi & Do 2020) are achieved, although the 
forecast period is sometimes not clearly defined. In 
the review of Deng & Shi (2023), a survey was con-
ducted on the important qualities of predictive mod-
els. Accuracy, reliability and applicability were 
named as the most important features. In the study, 
the majority of participants were willing to use a 
good artificial intelligence (AI) model. 

2.2 Neural Network 
An Artificial Neural Network (ANN) is a machine 
learning model that maps inputs (or input neurons) 
into outputs (or output neurons). Between the input 
and output layers, there are a number of intermedi-
ate, or hidden, layers, composed of a number of neu-
rons. Each neuron calculates a linear transformation 
taking as input the values of the previous layer, and 
applying an activation function to the result. Given a 
set of example input and output instances, the 
weights that connect each neuron and define the lin-
ear transformations are adjusted. This enables the 
model to learn how to reproduce the examples and 
generalize to new, unseen data of the same nature. 
This form of ANN is called a Multi-Layer Percep-
tron (MLP) (Goodfellow et al. 2016). 

There is recent literature on the use of ANNs to 
predict road condition, for example, with data from 
the USA and Canada (Cheng et al. 2023, Ali et al. 
2024). Not all methods are applicable to a pavement 
management system (PMS) or trained for long-term 
predictions.  



Here, we evaluate an ANN for condition data 
from Germany that predicts up to eight years into the 
future. We use MLP architecture with three input 
neurons: age of the top layer, condition value for 
that age, and the age in the future for which we want 
to predict. The sole output neuron corresponds to the 
condition value for the desired age. We then add two 
dense layers, each with 64 neurons, which employ 
the Rectified Linear Unit (ReLU) activation func-
tion. Dropout layers are incorporated after each lay-
er, that randomly set 20 % of the previous layer’s 
output units to zero during training, to add random-
ness to the process and prevent overspecialization of 
the model on the training data (Srivastava et al. 
2014). A model illustration is shown in Figure 6. 
The ANN is trained on and predicts condition val-
ues. To facilitate comparison with the Curve-
Shifting-Method, based on condition grades, the 
predicted values need to be converted to condition 
grades (Fig. 4). 

Figure 6. Diagram for used ANN model. 

3 COMPARISON BETWEEN ALGORITHMS 

3.1 Experimental Setup 
A network-wide PMS requires a reliable and availa-
ble data basis. Consequently, we use the existing 
road monitoring and assessment database with four-
yearly intervals for training and evaluating the ANN, 
as well as for evaluating the Curve-Shifting-Method. 
The measured condition values for rut depth and wa-
ter depth between 2013 and 2022 of German Mo-
torways with an SMA top layer were employed as 
training data. To evaluate both methods the data of 
the federal state of Hesse was used. One ANN was 
trained for predicting water depth, and another for 
rut depth. 

The resulting training data set for the ANN com-
prises approximately 100,000 data points, each de-
scribing a 100-meter road section. For each road sec-
tion, the condition grades from 2013 to 2022 are 
available in four-yearly intervals. If construction 
work was carried out in between, these sections were 
excluded. Similarly, if the condition has improved, it 
is assumed that the data has been insufficiently 
maintained and the data is excluded. From this data 

basis, data points of the following form are extract-
ed: 

(agei, valuei, agei+[4,8], valuei+[4,8]), 
where agei and valuei are the age and condition 

value in year i, whereas agei +[4,8] and valuei +[4,8] are 
the age and value four or eight years after i. The first 
three values are used as input and the last value as 
output, so that the model learns to predict a condi-
tion value four or eight years into the future based 
on the current value. The trained model as well as 
the Curve-Shifting-Method are then evaluated on da-
ta of the same structure and the same time interval 
from the federal state of Hesse, which was excluded 
in the training data. 

For assessing the efficacy of the evaluated predic-
tion methods, we use the R2 and the RMSE, which 
measure, respectively, the degree to which the pre-
dicted values align with the actual values, and dif-
ferences between the predicted values and the actual 
values (Chicco et al. 2021), both applied on the 
mapped condition grades. For our experiments, we 
have used the TensorFlow library for Python with a 
standard scaler, 50 epochs, and a batch size of 32. 
Further, we have applied early stopping after 4 
epochs without improvement (with 20 % of the 
training data for this validation). 

3.2 Results 
Table 1 shows the obtained R2 and RMSE for the 
ANN and the Curve-Shifting-Method for the rut 
depth, while Table 2 shows the results for water 
depth. Figure 7 illustrates an example of known ver-
sus predicted grades and the corresponding R2 and 
RMSE. 
 
Table 1.  Performance comparison between the prediction algo-
rithms – graded rut depth.  
Algorithms + forecast period RMSE R2 
Curve-Shifting (4 years) 0.37 0.54 
ANN  (4 years) 0.23 0.76 
   
Curve-Shifting (8 years) 0.42 0.50 
ANN (8 years)  0.25 0.68 
 
Table 2.  Performance comparison between the prediction algo-
rithms – graded water depth.  
Algorithms + forecast period RMSE R2 
Curve-Shifting (4 years) 0.30 0.62 
ANN  (4 years) 0.42 0.64 
   
Curve-Shifting (8 years) 0.80 0.27 
ANN (8 years)  0.43 0.56 
 
For most cases shown in Tables 1 and 2, both the 
RMSE and the R2 indicate that the ANN is an effec-
tive tool for achieving satisfactory results and in 
general superior results when compared to the 



Curve-Shifting-Method, which is a current standard 
approach. 
As expected, the reliability of predictions that reach 
further into the future decreases. However, the ANN 
performs better than curve shifting, especially for 
predictions 8 years into the future. For the 4-year 
scenario, curve-shifting achieves a lower RMSE 
than ANN for water depth (Tab. 2). 

Figure 7. True measurement compared to the ANN forecast for 
rut depth – 8-year scenario. For each measured value, the pre-
dicted value is plotted (blue dots) – an ideal scenario is a linear 
relation (black line). 

It should be noted that the quality of the prediction 
of rut depth and water depth differ only slightly, 
which was expected. It seems that both methods can 
predict rut depth better than water depth. Consider-
ing that the ANN was trained on data from other 
federal states and evaluated on data from Hesse, it is 
possible that certain conditions are more influenced 
by local specificities or additional parameters. Tak-
ing this into account in future work may lead to an 
improved prediction performance. 

4 CONCLUSION 

Overall, this work shows that the application of an 
ANN provides effective results for the prediction of 
transverse evenness in asphalt pavements with SMA, 
already outperforming one of the current methods 
for predicting road condition. In principle, the ANN 
can be applied throughout a road network and could 
also be implemented in a PMS. Future research is 
required to test the applicability of the ANN for oth-
er condition characteristics and for other asphalt mix 
types. In addition, the quality of the results for fed-
eral highways or municipal roads must be tested. It 
would also be beneficial to ascertain whether the 
consideration of other influencing variables, such as 
traffic load, or parameters related to region or as-
phalt type, would lead to more accurate predictions. 
Furthermore, other AI models, including gradient 
boosting and supported vector regression, should be 
evaluated in comparison to the ANN.  
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1. INTRODUCTION 

Pavement rutting, characterized by the formation of 
longitudinal depressions in the road surface, poses 
significant challenges to transportation infrastruc-
ture. These ruts not only degrade ride quality and in-
crease vehicle maintenance costs but also pose safe-
ty hazards for drivers. Accurate and timely detection 
of rutting is crucial for effective pavement manage-
ment and maintenance planning. (Erlingsson, 2012) 

Pavement rutting, characterized by depressions in 
the road surface, presents challenges like degraded 
ride quality, increased vehicle maintenance costs, 
and safety hazards. Timely detection is crucial for 
effective pavement management (Erlingsson, 2012). 

1.1 Challenges in Pavement Rutting Detection 
Traditional methods, such as manual surveys and la-
ser profilometry, are labor-intensive and limited. 
Computer vision and deep learning offer potential 
for automation, but challenges include: 
• Complex Road Conditions: Variations in texture, 

color, and lighting due to weather, traffic, and 
aging impact detection accuracy (Fares et al., 
2024). 

• Small Object Sizes and Occlusions: Ruts can be 
small and occluded by vehicles or shadows, 
making detection difficult (Arezoumand et al., 
2021). 

• Data Limitations: Acquiring large, diverse la-
beled datasets is costly, and biases can affect 
model performance (Shatnawi et al., 2021). 

• Real-Time Performance: Deep learning models 
are computationally demanding, hindering real-
time applications (Cao et al., 2021). 

1.2 Machine Learning in Pavement Monitoring 
Machine learning (ML) is increasingly used for 
more efficient and accurate pavement monitoring: 
• Performance Prediction: ML models predict 

pavement indicators like rutting depth and crack-
ing, aiding proactive maintenance (Madeh Piry-
onesi & El-Diraby, 2021; Marcelino et al., 
2021). 

• Structural Health Monitoring: ML combined 
with techniques like GPR assesses pavement 
layer thickness and detects subsurface defects 
(Fontul et al., 2023). 

• Automated Defect Detection: Algorithms like 
YOLO automate the identification of pavement 
distresses, reducing the need for manual inspec-
tions (Wang et al., 2024; Shahbazi et al., 2021). 

• Real-Time Monitoring: Integration with IoT sen-
sors enables real-time monitoring and anomaly 
detection (Bekiroglu et al., 2021). 

• Data-Driven Management: ML techniques in-
form decision-making regarding maintenance 
and resource allocation (Cano-Ortiz et al., 2022). 

Incorporating physics-informed neural networks into yolo for pavement 
rutting detection 
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ABSTRACT: Physics-Informed Neural Networks (PINNs) have shown great promise in embedding domain-
specific knowledge into machine learning models. This study proposes an enhancement to the YOLO object 
detection framework by introducing a physics-informed penalty into its loss function for detecting pavement 
rutting. A dataset of 4880 labeled images was used to train the model, with modifications ensuring predictions 
adhere to known physical constraints of rutting dimensions and aspect ratios. Experimental results demon-
strate improved bounding box accuracy and alignment with domain-specific rules, reducing false positives in 
critical infrastructure monitoring. This approach highlights the potential of hybrid PINN-YOLO models in 
civil engineering applications. 



1.3 Integrating Domain Knowledge into Machine 
Learning 

While data-driven ML models can be effective, they 
often lack interpretability and struggle to generalize. 
Integrating domain knowledge, particularly physical 
principles, into ML models offers advantages: 
• Limitations of Data-Driven Approaches: Purely 

data-driven models can overfit and fail to capture 
the underlying physical processes, limiting accu-
racy. 

• Physics-Informed Machine Learning (PIML): 
Techniques like Physics-Informed Neural Net-
works (PINNs) integrate physical laws into the 
training process, improving generalization and 
interpretability (Raissi et al., 2019). 

• Benefits of PIML: Incorporating physics en-
hances model generalization, accuracy, and sta-
bility while reducing data requirements (Vadyala 
et al., 2022). 

• Applications in Pavement Engineering: PIML is 
applied to predict pavement response, model ma-
terial behavior, and forecast distresses such as 
rutting (Kargah-Ostadi et al., 2024; Deng et al., 
2024). 

2. METHODOLOGY 

2.1 Dataset Preparation 
This study used a dataset of 4,880 labeled images of 
pavement rutting, categorized into four classes: cor-
rugation-high, corrugation-low, rutting-high, and 
rutting-low. Each image was annotated with bound-
ing boxes that marked the location and extent of rut-
ting, and labels were normalized for YOLO training. 
The dataset was divided into training (80%), valida-
tion (10%), and test (10%) subsets. 

 

2.2 Physics-Informed Loss Function 
The YOLOv8 loss function was modified by adding 
a penalty term, LPhysics, to ensure physical plausibil-
ity in the bounding box predictions. The term penal-
izes violations of the following physical constraints: 

• Aspect ratio limits: Bounding boxes must re-
flect realistic width-to-depth ratios observed 
in rutting. 

• Size constraints: Bounding box dimensions 
must adhere to known physical limits of rut-
ting depth and width. 

• Location continuity: Penalties are applied to 
disjointed bounding boxes in areas where rut-
ting is expected to be continuous. 

The total loss function is expressed as: 
LTotal= LYOLO + 𝝀LPhysics 

where 𝝀 is a tunable hyperparameter that controls the 
weight of the physics-informed penalty. 
 

2.3 Model Training Setup 
Training was conducted using the YOLOv8 model 
from the Ultralytics framework. The following pa-
rameters were used: 
• Batch size: A batch size of 64 was selected to 

balance computational efficiency and model per-
formance. 

• Learning rate: An initial learning rate of 5 * 10-4 
was chosen. 

• Optimizer: Both SGD and Adam optimizers 
were tested to identify the best gradient update 
method for faster convergence. 

• Epochs: Training was performed for 50, 100, and 
150 epochs to observe the effect of training dura-
tion on performance. 

• Weight initialization: Both pre-trained weights 
from COCO and randomly initialized weights 
were tested to evaluate the impact of transfer 
learning. 

• Anchor box adjustments: The anchor box sizes 
were modified based on the distribution of 
bounding boxes in the dataset to improve locali-
zation accuracy. 

2.4 Evaluation Metrics 
Model performance was assessed using the follow-
ing metrics: 
 

Figure 1: Dataset Instances 

Predicted Bounding Boxes Check Aspect ratio

Check Size constraints 

Apply Penalty IF Violated

Adjust Bounding Boxes

Figure 2: Flowchart of Applying PINN Principles 
into YOLO Model 



• Mean Average Precision (mAP): To evaluate
overall detection accuracy across all classes.

• Physics adherence score: A custom metric was
introduced to quantify how well predictions ad-
hered to physical constraints.

• Precision and Recall: To evaluate the trade-off
between false positives and false negatives.

• Inference time: To ensure the model meets real-
time application requirements.

3. RESULTS

The physics-informed YOLOv8 model was trained 
and evaluated on the 4,880-image pavement rutting 
dataset, focusing on detection accuracy, adherence 
to physical constraints, and computational efficien-
cy. Several training configurations were tested to op-
timize performance. 

3.1 Model Accuracy 
• Mean Average Precision (mAP): The best model

achieved an mAP of 72.5%, a 5.5% improve-
ment over the baseline YOLOv8. The physics-
informed penalty notably reduced bounding box
localization errors, especially for high-severity
rutting.

• Class-Specific Performance: The highest detec-
tion accuracy was for rutting-high (mAP: 82%)
and corrugation-high (mAP: 88%), while rutting-
low performed slightly lower (mAP: 79%) due to
smaller bounding boxes.

3.2 Physics Adherence 
Models with a physics penalty weight (𝝀 = 0.2) 
achieved the best balance, with 94% of bounding 
boxes adhering to aspect ratio and size constraints. 
Without the penalty, adherence dropped to 78%, un-
derscoring the benefit of the physics-informed ap-
proach. 

3.3 Hyperparameter Tuning Results 
• Batch Size: A batch size of 16 offered the best

trade-off between stability and GPU memory us-
age, outperforming smaller (8) and larger (32)
batch sizes.

• Epochs: Training for 50 epochs provided optimal
results; training beyond that caused overfitting,
particularly with smaller augmentations.

• Image Size: Training with 640x640 pixel images
achieved the best balance of performance and
computational efficiency. Larger sizes
(1024x1024) improved accuracy but at the cost
of longer training times.

3.4 Comparison With Baseline YOLOv8 
• mAP: Increased from 67% (baseline) to 72.5%.
• False Positives: Reduced by 18% for rutting-

high and corrugation-low.
• Physics Adherence: Improved from 78% (base-

line) to 94%.
• Inference Time: Increased by 20% due to the ad-

ditional physics penalty computation, but re-
mained within real-time limits (20ms per image).

4. CHALLENGES AND FUTURE WORK

Integrating domain-specific rules into object detec-
tion models requires careful parameter tuning. The 
primary challenges encountered included: 
• Balancing the 𝝀 hyperparameter to avoid over-

penalizing bounding boxes.
• Ensuring computational efficiency, as the added

penalty increased training time by 20%.
• Future work will explore extending the approach

to detect additional pavement distresses and in-
tegrating 3D point cloud data for improved accu-
racy.

5. CONCLUSIONS

This study demonstrates the feasibility of integrating 
physics-informed constraints into YOLO for pave-
ment rutting detection. The proposed approach im-
proved detection accuracy and reduced physically 
implausible predictions. The results highlight the po-
tential of combining domain knowledge with ma-
chine learning models for infrastructure monitoring 
and maintenance. 
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1 MOTIVATION 
Concrete is a fundamental material in infrastructure, 
particularly in pavements and other load-bearing 
structures, where its mechanical behavior under var-
ying conditions plays a critical role in structural per-
formance and durability. Developing accurate mate-
rial models is essential for predicting the response of 
such structures to complex loading scenarios, envi-
ronmental influences, and long-term degradation. 
Improved material models can enhance the efficien-
cy and reliability of structural simulations, reducing 
computational demands and avoiding overly con-
servative assumptions. Additionally, these models 
enable the integration of real-time data into digital 
twin frameworks, supporting continuous monitoring 
and predictive maintenance. This capability offers 
potential for optimizing the design and management 
of concrete pavements and other critical infrastruc-
ture. 

In solid mechanics, understanding material behav-
ior under varying loading conditions relies on con-
servation laws, kinematic relations, and constitutive 
models (Fuhg et al. 2024a). While conservation and 
kinematic principles are grounded in universal phys-
ical laws, constitutive modeling often depends on 
empirical assumptions constrained by the availability 
of experimental data. For path-dependent materials 
like concrete, where the current stress state depends 

on strain history, traditional models calibrated for 
specific loading scenarios may exhibit limited accu-
racy and generalization when applied to complex or 
varying conditions. 

Recent advances in data-driven methodologies, par-
ticularly machine learning (ML), provide an oppor-
tunity to enhance constitutive modeling by directly 
integrating experimental data. However, purely data-
driven approaches typically require extensive da-
tasets, which are often impractical to obtain. Hybrid 
methods that combine ML techniques with physical 
principles offer a promising alternative. RNNs, de-
signed to capture temporal dependencies, are espe-
cially suited for modeling the evolution of stress-
strain relationships in history-dependent materials. 
By embedding physical constraints, such as thermo-
dynamic consistency and objectivity, into the RNN 
training process, this approach enhances interpreta-
bility and robustness (Fuhg et al. 2024b). 

The development of automated material models, 
such as the proposed hybrid framework, aims to cre-
ate formulations that are generalizable across a range 
of materials. However, the inherent complexity of 
phenomena like plasticity introduces challenges that 
must be addressed to ensure reliability and applica-
bility. In this work, the focus is narrowed to con-
crete, allowing an exploration of the framework ca-

Exploring physics-informed recurrent neural networks for constitutive 
modeling of concrete pavements 

H. Garita-Durán, A. Khedkar, M. Kaliske
Institute for Structural Analysis, Technische Universität Dresden, 01062 Dresden, Germany 

ABSTRACT: This study proposes a preliminary investigation into the use of physics-informed recurrent neu-
ral networks (RNNs) for constitutive modeling of concrete. Traditional empirical models for concrete often 
face limitations in capturing complex, path-dependent behaviors due to the constraints of experimental da-
tasets. To address this, we explore the integration of RNN architectures, with foundational principles from 
continuum mechanics, including thermodynamic consistency and objectivity. This theoretical framework aims 
to establish a foundation for future developments of hybrid models that reduce reliance on extensive experi-
mental data while maintaining physical interpretability. The work highlights key challenges, including incor-
porating physical constraints into machine learning architectures and addressing the material's inherent com-
plexity, setting the stage for further empirical validation and refinement.  



pabilities and its potential to be generalized for other 
materials in future studies. 

2 STATE OF THE ART 

The integration of machine learning into constitutive 
modeling has opened new pathways to address the 
limitations of traditional data-driven approaches. 
Frameworks like iCANN (Holthusen et al. 2024) and 
EUCLID (Flaschel et al. 2021) have successfully in-
tegrated machine learning into constitutive model-
ing, focusing primarily on viscoelasticity and hy-
perelasticity. These frameworks leverage the 
flexibility of neural networks to model complex ma-
terial behaviors while embedding physical con-
straints to ensure thermodynamic consistency and in-
terpretability. However, extending such approaches 
to elasto-plastic materials introduces additional chal-
lenges, including the implementation of multi-
surface yield models and non-associated flow rules. 
Addressing these complexities requires methodolo-
gies tailored to specific materials, such as concrete, 
while maintaining the potential for broader generali-
zation to other material classes. 

Recent contributions from our group have focused 
on applying recurrent neural networks (RNNs) to 
constitutive modeling within a numerical homogeni-
zation framework. In this approach, RNNs replace 
the representative volume element (RVE) to provide 
an efficient and accurate constitutive description of 
the elasto-plastic behavior of the material (Stöcker et 
al. 2022). This methodology eliminates the computa-
tional overhead associated with traditional RVE 
evaluations, significantly enhancing the speed of 
simulations. Furthermore, an advanced training algo-
rithm was developed to optimize the learning pro-
cess of RNNs, enabling faster and more accurate 
predictions (Khedkar et al. 2023). 

As illustrated in the Figure 1, the application of a 
load on a cantilever beam in the 𝑥-direction yields a 
response curve that closely matches the expected 
elasto-plastic behavior. This result highlights the ca-
pacity of RNN-based approaches to capture material 
non-linearities while significantly improving compu-
tational efficiency. 
While the RNN framework used by our group does 
not yet incorporate physical principles, its success in 
modeling the elasto-plastic response provides a 
foundation for integrating physics-informed con-
straints. Such an extension could enhance interpreta-
bility and enable generalization to materials like 

concrete, where path-dependence and history effects 
play a significant role. 

Figure 1. Predicted elasto-plastic response of an RVE modeled 
using an RNN-based constitutive approach under a cantilever 
beam (Khedkar et al. 2023). 

3 FUNDAMENTALS 

3.1 Constitutive properties of concrete 
Concrete exhibits a combination of elastic and plas-
tic behavior, governed by its heterogeneous micro-
structure and path-dependent response. Elasticity is 
characterized by reversible deformations described 
by the relationship

, (1) 
where  represents the stress tensor,  is the fourth-
order elasticity tensor, and is the elastic strain 
tensor. The elastic behavior of concrete is typically 
linear for small strains but deviates from linearity at 
relatively low stress levels due to microstructural ef-
fects. 

Plasticity governs the irreversible deformations 
that occur when the stress state exceeds a defined 
yield surface. For concrete, plasticity is predomi-
nantly observed under compressive loads, while ten-
sile failure is brittle. The Drucker-Prager criterion, 
which incorporates the first invariant of the stress 
tensor  and the second invariant of the devia-
toric stress tensor  are commonly used to de-
fine the yield surface (Ottosen and Ristinmaa 2005)

, (2) 
where  accounts for material friction, and  repre-
sents cohesion. Plastic strains evolve according to a 
flow rule, with associated or non-associated poten-
tials depending on the dilatancy behavior. These be-



haviors are essential to capture concrete’s complex 
stress-strain response under cyclic and multi-axial 
loading.  

3.2 Elastic-plastic modeling approaches 
Elastic-plastic models decompose total strain into 
elastic and plastic components  

.                 (3) 
This decomposition enables independent modeling 
of reversible and irreversible behaviors. Advanced 
formulations adopt the multiplicative decomposition 
of the deformation gradient 

,                 (4) 
ensuring that elastic stresses arise solely from elas-
tically stored energy, while plastic strain rates are de-
rived from pseudo-potentials. The Helmholtz free 
energy , a function of the elastic right Cauchy-
Green tensor , provides the stress re-
sponse 

 
(5) 

Hardening rules, such as isotropic and kinematic 
hardening, dictate how the yield surface evolves with 
plastic deformation, incorporating state variables to 
account for the material’s history-dependent behav-
ior. These rules are critical for modeling concrete 
under incremental or cyclic loading conditions. 

3.3 Machine learning for constitutive modeling 
ML offers a powerful framework for capturing com-
plex, nonlinear relationships in experimental data. 
Neural networks (NNs), with their universal approx-
imation capabilities, are particularly suitable for con-
stitutive modeling. Traditional feed-forward NNs 
learn mappings between input variables (e.g., strain 
tensors) and outputs (e.g., stress tensors), but they 
require extensive datasets and often lack physical in-
terpretability.  

RNNs, particularly architectures like long short-
term memory (LSTM) networks, address these limi-
tations by capturing temporal dependencies, making 
them ideal for path-dependent materials like con-
crete. For example, RNNs can track the evolution of 
plastic strain and internal variables over loading cy-
cles, providing accurate predictions of stress re-
sponses under complex scenarios.  

To improve generalization and reduce data re-
quirements, hybrid approaches integrate physical 
principles into ML frameworks. Loss functions are 
augmented to enforce constraints such as the Clausi-
us-Planck inequality, ensuring thermodynamic con-
sistency. This combination allows ML models to 

maintain fidelity to fundamental mechanics while 
leveraging data-driven insights. 

Physics-enhanced neural networks (PENNs) em-
bed physical laws directly into the network structure, 
ensuring that predictions adhere to established prin-
ciples. For instance, the Helmholtz free energy and 
plastic potential  can be represented using 
feed-forward NNs, with constraints such as convexi-
ty and positive dissipation enforced during training. 
The resulting models capture both elastic and plastic 
behavior while maintaining interpretability.  

For concrete, this approach allows the representa-
tion of stress-strain relationships under diverse con-
ditions, ensuring consistency with known behavior 
such as strain hardening, dilatancy, and yield surface 
evolution. The integration of RNNs and physics-
informed layers offers a robust framework for auto-
mating constitutive modeling while addressing the 
material-specific challenges of concrete.  

4 INTEGRATING MACHINE LEARNING AND 
PHYSICAL PRINCIPLES FOR CONCRETE 

4.1 Methodology for stress-strain modeling 
The integration of machine learning (ML) with phys-
ical principles offers a promising framework for cap-
turing the complex behavior of concrete under di-
verse loading conditions. While this study does not 
present empirical implementation, it outlines a 
methodology to guide future work.  

The proposed approach utilizes recurrent neural 
networks (RNNs), such as long short-term memory 
(LSTM) networks, to model history-dependent 
stress-strain relationships. The deformation gradient 
of Equation 4 captures irreversible plastic defor-
mation. The stress response is derived from the 
Helmholtz free energy. Plastic strain evolution is 
governed  by   a   pseudo  potential   ensuring 
thermodynamic consistency through the dissipation 
inequality  

 .              (6) 
The RNN framework models the temporal evolu-

tion of inelastic state variables, such as plastic strain 
and hardening parameters, while physical constraints 
are enforced via customized loss functions. These 
constraints include yield surface consistency 

,                  (7) 

positive energy dissipation  
,                   (8) 

and convexity of the Helmholtz free energy. 
In this theoretical framework, experimental data 

from stress-strain curves under controlled loading 
paths (e.g., uniaxial, triaxial, and cyclic tests) serve 



as input to train the RNN. By leveraging the physics-
informed structure, the model is expected to general-
ize beyond the training dataset, capturing path-
dependent behaviors such as strain hardening and di-
latancy. 

4.2 Advantages of the hybrid approach 

The hybrid approach combines the strengths of ma-
chine learning and physical principles, offering sev-
eral theoretical advantages for modeling the elastic-
plastic behavior of concrete:  
1 Data efficiency: By embedding physical laws di-

rectly into the network architecture or loss func-
tion, the model reduces its reliance on extensive 
experimental datasets. This is particularly advan-
tageous for materials like concrete, where obtain-
ing large amounts of high-quality data can be im-
practical.  

2 Path dependency: RNNs excel at modeling se-
quential dependencies, making them ideal for 
capturing the history-dependent behavior of con-
crete under cyclic and incremental loading condi-
tions.  

3 Physical plausibility: The inclusion of physics-
based constraints ensures that predictions remain 
consistent with established principles, such as 
thermodynamic consistency, even in data-sparse 
scenarios.  

4 Interpretability: Unlike traditional black-box neu-
ral networks, the hybrid approach incorporates 
physically interpretable components, such as the 
Helmholtz free energy and plastic potentials. 
These components align with established me-
chanical theories, enabling the model to provide 
insights into material behavior.  

5 Exploration of generalization: While the method-
ology is developed specifically for concrete, its 
general structure can be extended to other path-
dependent materials. This exploratory work lays 
the foundation for understanding the potential of 
hybrid models in broader applications.  

5 CONCLUSION 

This study explores the foundation for using physics-
informed recurrent neural networks (RNNs) in mod-
eling the history-dependent constitutive behavior of 
concrete. By integrating machine learning with phys-
ical principles, the proposed framework addresses 
key challenges in traditional models, including lim-
ited generalization and high dependency on empiri-
cal data. 

The hybrid approach leverages the strengths of 
RNNs to capture path-dependent behaviors, such as 

strain hardening and dilatancy, while embedding 
physical constraints ensures thermodynamic con-
sistency and interpretability. Although focused on 
concrete, this methodology provides a flexible struc-
ture that could be extended to other path-dependent 
materials, potentially becoming a component of 
broader systems like digital twins, where continuous 
data integration could refine predictions over time. 

Future work will involve validating this frame-
work with experimental data and exploring its scala-
bility to more complex behavior, including anisotro-
py and damage, ensuring its applicability in diverse 
engineering contexts. 
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ABSTRACT: The study presents the first results of a supervised machine learning model used to calibrate and 
predict complex modulus tests for neat or aged binders recovered from asphalt concrete. Trained on data com-
bining complex modulus measurements and the chemical properties of binders, the model captures the intricate 
relationships between bitumen chemistry and its mechanical behaviour. By understanding the chemical ageing 
of a binder, predictions of both known and unknown ageing states are successfully achieved. 
 
 
1 INTRODUCTION 

The binder of hot mix asphalt undergoes two succes-
sive types of chemical ageing over its lifespan: fast 
ageing during production and construction (short 
term) and slow ageing over the life of the pavement 
(long term). Oxidation is the main cause of bitumen 
ageing (HUNTER et al., 2015, p. 75 and 575). At the 
coating stage, chemical oxidation is violent because 
the energy input is intense (high temperature and ox-
ygen from the air), whereas in the pavement, the bitu-
men oxidises slowly in the presence of temperature 
cycles and oxygen from the atmospheric air.  
 
Accelerated artificial ageing processes have been de-
veloped in laboratories to replicate the short- and 
long-term ageing phases of bituminous materials. 
These processes have shown that the ageing of bitu-
minous binders is characterised by changes in both 
their chemical composition and rheology over time. 
Internationally recognised physico-chemical indica-
tors are used to assess the brittleness of binders or 
mixtures with respect to the risk of cracking (KHAN-
DAL, 1977, ROWE, 2011, SIROMA et al., 2024). How-
ever, to date, there is no established relationship that 
can describe the rheological changes observed at dif-
ferent stages of ageing and across various scales of 
observation (binder, mastic, asphalt mix). 
 
Furthermore, the use of Artificial Intelligence (AI) is 
expanding in the field of pavement materials. Super-
vised learning, a subset of machine learning and arti-
ficial intelligence, involves learning a predictive 

function from labelled examples (ZHOU, 2021). Its 
application could help identify transition laws be-
tween different ageing states, with the goal of linking 
the rheology of the binder to that of the asphalt mix. 
 
This article presents a preliminary study that involves 
supervised learning to predict the rheology of bitu-
men in a given state of ageing, using data from previ-
ous states. The model aims to identify the relation-
ships between the chemical composition of bitumen 
and its rheological properties. 

For this study, the rheology of bitumen is charac-
terised through complex modulus tests (physical 
markers). Traditionally, the data are modelled with 
rheological models, while the effects of temperature, 
loading amplitude, and thixotropy are typically ap-
proximated through translation principles (COULON et 
al., 2021). However, ageing cannot be modelled using 
similar principles, as it alters the shape of the complex 
modulus curves. Consequently, the parameters of rhe-
ological models require constant recalibration, lead-
ing to the adoption of a supervised approach to bypass 
these models. Each ageing state is additionally asso-
ciated with SARA fractions (saturate, aromatic, resin, 
asphaltene) and carbonyl and sulfinyl indexes (chem-
ical markers), which reflect the level of ageing. 
 
The structure of the article is as follows. First, the bi-
tumen from the MOVEDVDC project and its associ-
ated physical and chemical data are presented. Next, 
the supervised learning model, Kernel Ridge Regres-
sion, is adapted for the study. Finally, the results ob-
tained are discussed. 



2 MATERIALS 

The French ANR MOVEDVDC project (2018-2023) 
has generated a substantial database of asphalt mix-
tures and bituminous binders extracted in situ or pro-
duced in the laboratory using ageing protocols (SI-
ROMA, 2022). This paper focuses on the physico-
chemical data for the eight states of ageing of the bi-
tumen binder A3550_C. 

The bitumen in question is extracted from a GB3 
(a French asphalt concrete meaning Grave-Bitume 
class 3) prepared and aged in laboratory. This asphalt 
mix is made of 0/14 mm limestone aggregates and a 
pure bitumen of penetration grade 35/50 dosed at 
4.5% of the mass of dry aggregates. The aggregates 
and the bitumen were initially heated overnight to 
165°C and 110°C respectively. The temperature of 
the bitumen was then increased to match that of the 
aggregates for approximately two hours. Finally, the 
two components were mixed using a mixer for about 
three minutes until the aggregates were completely 
coated with bitumen. The mixture has a true density 
of 2509 kg/m3. 

After the mixing stage, an ageing protocol pro-
posed by La Roche et al. (2009) was applied to the 
expanded asphalt of GB3. To simulate short-term 
ageing, the asphalt mixture was first spread uniformly 
in metal trays to a thickness of around 5 to 6 cm. The 
trays were then placed in a forced-draught oven at 
135°C for 4 hours. The mix was stirred for one minute 
every hour. To reproduce long-term ageing, the as-
phalt mix was then conditioned at 85°C for 2, 5, 7, 9 
and 20 days. After each ageing stage, the bitumen was 
extracted to study its characteristics. 
 
To define physical markers, complex modulus tests 
were carried out on the bitumen using a Dynamic Me-
chanical Analysis (DMA) rheometer. The device was 
placed inside a thermal chamber. At low temperatures 
(≤ 20°C), the test was carried out in direct tension-
compression on a cylindrical specimen. At high tem-
peratures (> 20°C), the test was carried out using an-
nular shear on a hollow cylindrical specimen. Con-
version from norm |𝐺∗| to |𝐸∗| was performed 

considering a constant Poisson's ratio of 0.50. The 
tests were conducted by strain amplitude control 
(close to 50 μm/m) with frequency sweeps (from 1 to 
80 Hz) at different temperatures (from -15 to 70 °C). 
A minimum of two repetitions were performed for 
each sample, provided that the variations in |𝐸∗| and 
𝜑𝐸∗ were less than 15% and 5% respectively. The 
data are presented in Figure 1 using the stiffness ℜ𝐸 
and viscosity ℑ𝜂 components (COULON et al. 2021) 
such as: 
𝜎(𝑡, 𝑇, 𝜔) = ℜ𝐸(𝑇, 𝜔)𝜀(𝑡, 𝜔) + ℑ𝜂(𝑇, 𝜔)𝜀̇(𝑡, 𝜔) 

Where 𝜎(𝑡) and 𝜀(𝑡) are respectively the stresses and 
strains of the DMA test. The effect of temperature 𝑇 
and pulsation 𝜔 can be associated according to the 
Time-Temperature Superposition Principle (TTSP). 
Table 1 gives the coefficients 𝐶1,𝑎𝑇 and 𝐶2,𝑎𝑇 of the 
Williams-Landel-Ferry (WLF) law at the reference 
temperature of 0°C. 
 
Other analyses were also carried out to identify chem-
ical markers. On the one hand, Fourier Transform In-
fraRed spectroscopy (FTIR) was used to monitor the 
oxidation of the bitumen by calculating the carbonyl 
𝐼𝐶𝑂 and sulfinyl 𝐼𝑆𝑂 indexes, as indicated by LPC test 
method No. 69 (LCPC 2010). A minimum of five 
samples were studied for each ageing condition. On 
the other hand, based on its polarity, bitumen can be 
separated into four fractions called SARA. The High 
Performance Thin-Layer Chromatography (HPTLC) 
was carried out. Table 1 shows the average of these 
results. 
 
 
3 APPLICATION OF SUPERVISED MACHINE 

LEARNING 

The primary objective of this section is to train the AI 
model on the provided experimental data. The ageing 
of A3550_C bitumen is categorised into eight distinct 
states. The rheology of each state is represented by 
the pair of stiffness ℜ𝐸(𝜔𝑅−𝑇) and viscosity 
ℑ𝜂,𝑅−𝑇(𝜔𝑅−𝑇) at the reference temperature of 0°C. 

Table 1. WLF coefficients at the reference temperature of 0°C, CO+SO indexes and SARA fractions of the 
bitumen A3550_C. 

  
TTSP 
C1,aT 
[-] 

TTSP 
C2,aT 
[°C] 

IRTF 
CO+SO 

[-] 

SARA 
Saraturate 

[%] 

SARA 
Aromatic 

[%] 

 SARA 
Resin 
[%] 

SARA 
Asphaltene 

[%] 

After heating 21.6 132.1 4.69 16.10 46.95 22.30 14.60 

After mixing 18.0 113.3 9.35 16.05 46.50 23.70 13.65 

4h 23.5 146.3 13.00 15.50 45.65 26.90 11.90 

4h+2j 23.4 145.1 16.99 16.30 43.00 29.10 11.60 

4h+5j 24.6 150.4 18.23 15.25 43.60 29.50 11.60 

4h+7j 26.6 162.6 20.98 14.70 44.15 29.70 11.50 

4h+9j 24.9 153.4 21.11 14.15 44.15 31.35 10.40 

4h+20j 27.0 163.3 23.85 14.65 41.20 34.50 9.60 

 



To quantify the level of ageing, these pairs are asso-
ciated with a quintuplet of chemical markers, com-
prising the sum of the 𝐼𝐶𝑂 and 𝐼𝑆𝑂 indexes, along with 
the four SARA fractions. After training, the model is 
expected to both reproduce known ageing states and 
predict new ones. 

3.1 Model used 
For this study, the Kernel Ridge Regression (KRR) 
algorithm was employed with the Radial Basis Func-
tion (RBF) kernel (SCHÖLKOPF & SMOLA, 2002). 
This method is well-suited for solving regression 
problems involving complex and non-linear relation-
ships between input data X and output data Y, while 
incorporating effective regularisation to mitigate 
overfitting (e.g., avoiding an overly complex model 
that captures noise instead of meaningful trends). 

The KRR-RBF algorithm is governed by two key 
hyperparameters that affect its performance: 
• The regularisation parameter 𝜆 controls the influ-

ence of isolated or atypical data points. A higher 𝜆 
reduces sensitivity to noise and specific details. 

• The 𝛾 parameter of the RBF kernel determines the 
range of influence a data point has on its neighbors 
in kernel space. A smaller 𝛾 results in a smoother 
model that captures broader trends while ignoring 
finer local variations. 

 
The program was developed in Python. 

3.2 Training 
The model incorporates input data, consisting of the 
reduced pulsations and chemical markers for all 

ageing states. The output data comprises stiffness-vis-
cosity pairs. Since the pulsation, stiffness, and viscos-
ity data span several orders of magnitude, it is crucial 
to linearise these values by using their logarithms. 
This step ensures the model avoids producing outli-
ers. 

There are several options for selecting the chemi-
cal markers. If the model is trained on all five mark-
ers, five input values will need to be provided. How-
ever, this approach requires understanding the 
relationships between these markers to make predic-
tions with hypothetical values. Among the chemical 
markers, some are more sensitive to ageing than oth-
ers, such as the sum of the 𝐼𝐶𝑂 and 𝐼𝑆𝑂 indexes and the 
resin fraction. This study focuses on resins as the pri-
mary input. 

The other chemical markers could be included as 
output variables, but in this case, the AI would iden-
tify relationships between pulsation and these mark-
ers. While this approach causes only slight fluctua-
tions in the markers, they are expected to remain 
constant with respect to pulsation. 
 
To optimise the hyperparameters, the GridSearchCV 
algorithm is employed. This method systematically 
tests all possible combinations of the values provided 
in the lists for 𝜆 and γ (e.g., [10-4, 10-3, 10-2, 10-1, 1, 
10]). Based on this process, the optimal values iden-
tified for 𝜆 and 𝛾 are 0.0001 and 0.001, respectively. 

3.3 Model testing and analysis 
To test the model, input data is provided consisting of 
the range of pulsations and only the resin fraction of 
bitumen. The model then predicts the corresponding 

Figure 1. Effect of chemical ageing on the rheology of bitumen A3535_C 
Representation of stiffness ℜ𝐸 (left) and reduced viscosity ℑ𝜂,𝑅−𝑇 (right) as a function of reduced pulsation 𝜔𝑅−𝑇 at the reference 
temperature of 0°C. The points represent experimental data, while the lines represent AI predictions. 



stiffness-viscosity pairs. Figure 1 displays the 
model’s predictions for resin fractions of 18%, 28%, 
and 38%. 

Overall, the results obtained are very satisfactory and 
encouraging. Although the input pulsations differ be-
tween ageing states due to the application of the 
TTSP, the model still successfully identifies the rela-
tionships between the data. This indicates that a com-
mon pulsation scale across different ageing states is 
not necessary. 

For a given ageing state, the stiffness and viscosity 
evolve as expected. However, the model does not 
fully capture the trend where ℜ𝐸 and ℑ𝜂 approach 
plateaus at high and low pulsations, respectively. 
With the RBF kernel, the fitted function is repre-
sented as a sum of ‘bells’ centred around each training 
point. Thus, testing other types of kernels, such as the 
‘sigmoid’ kernel, could provide further insights. 

The model appears to capture the transition be-
tween ageing states well. For the 28% resin fraction 
prediction, the curve aligns with the ‘4h + 2d’ ageing, 
corresponding to 29.1%. The 1% difference can be at-
tributed to the model's adaptation to certain inconsist-
encies in the experimental data, such as the overlap 
between the ‘4h + 7d’ and ‘4h + 9d’ ageing states, 
which are similar in terms of stiffness and viscosity 
despite differing by 2% in fraction. The predictions 
for 18% and 38% resin fractions are consistent, but 
predictions tend to become less reliable as we move 
further from the training data zone. 

4 CONCLUSION 

The study demonstrated the predictive capability of 
the Kernel Ridge Regression model when applied to 
aged bituminous binders. The model successfully 
captures complex relationships between bitumen 
chemistry and its mechanical properties, and is capa-
ble of accurately extrapolating these relationships be-
yond the training data. 

However, while the experimental data used may be 
considered abundant for the pavement domain, they 
are limited to a single bitumen type. To enhance the 
model's robustness, future work should extend the 
study to include other bituminous materials from the 
MOVEDVDC project and potentially expand it to 
materials from the ViscoMatData database at Gustave 
Eiffel University. 

Other artificial intelligence models, such as Sup-
port Vector Regression (SVR), Random Forest, and 
Gradient Boosting, should also be tested. 

This study also presents several perspectives: 
• If we assume that there is a unique SARA fraction

decomposition for each stiffness-viscosity curve, it
follows that by knowing the chemistry of the bitu-
men, we might predict its rheology, and vice versa.

• The study could serve as a foundation for investi-
gating the transition from bitumen rheology to as-
phalt rheology.

• In the more distant future, one might envision that,
by knowing the age of a pavement and its initial
rheology, we might predict whether maintenance
would be necessary.
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1 LITERATURE REVIEW 

The highway agencies identified roughness as the pri-
mary indicator for pavement performance from the 
early ‘80s but faced inconsistencies in measurement 
methods. To address this issue, the National Cooper-
ative Highway Research Program and the World 
Bank standardized a new roughness measuring 
method known as the International Roughness Index 
(IRI) ensuring reproducible results across different 
equipment. Since then, IRI has been widely adopted 
to assess pavement roughness and ride quality. The 
Federal Highway Administration has made it manda-
tory for State Departments of Transportation to in-
clude IRI values in their respective Pavement Man-
agement System. Therefore, the IRI prediction model 
is a highly investigated research area. 
Compared to flexible pavements, little research has 
been done on developing IRI prediction models for 
rigid pavements. The Mechanistic-Empirical Design 
Guide (MEPDG) has an IRI prediction model for 
rigid pavement. Initial IRI is an input parameter in 
that model with transverse cracking, spalling, and 
patching. There is also a site factor in the model with 
pavement age, freezing index, and subgrade property. 
With the recent development of  ANN, several re-
searchers utilized ANN for IRI prediction. (Abd El-
Hakim and El-Badawy, 2013) employed the same in-
put variables of the MEPDG empirical model with a 
database of 184 data points to develop the IRI ANN 
forecast model. The ANN model provided a better R2 

of 0.828 than the MEPDG regression model with R2 

of 0.643. Similarly, several studies showed the poten-
tial of ANN for predicting IRI in recent years, utiliz-
ing climate and traffic data, and offering more en-
hanced prediction neural network models. (Sultana et 
al., 2021) explored the impact of climate attributes 
and traffic loads on pavement distress, focusing on 
the IRI as a key indicator of pavement condition. An 
ANN approach is used to develop IRI prediction 
models for Jointed Plain Concrete Pavement (JPCP), 
considering the maintenance and rehabilitation his-
tory of the pavements. The best-performing ANN 
model achieved a high R2 value of 0.87, successfully 
estimating IRI values over time and after maintenance 
activities.  
In recent years, researchers have also applied differ-
ent machine-learning techniques as well for predict-
ing the IRI of rigid pavements. (Wang et al., 2017; 
Luo, Wang and Li, 2022; Ji et al., 2024) developed a 
hybrid machine-learning model to predict IRI of 
Jointed Plain Concrete Pavement (JPCP), the study 
also compared several machine learning methods, 
such as eXtreme Gradient Boosting (XGBoost), Gra-
dient Boosting Decision Tree (GBDT), multiple lin-
ear regression (MLR), and support vector machine 
(SVM). The stacking fusion model, combining 
GBDT and XGBoost as base learners with bagging as 
meta-learners, outperformed individual models with 
an RMSE of 0.040, R2 of 0.996, and MAE of 1.3%, 
indicating the model improvement. 
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ABSTRACT: The International Roughness Index (IRI) is a widely used measure of the roughness of road sur-
faces and ride quality. The Federal Highway Administration (FHWA) has required States' Departments of 
Transportation (DOT) to include IRI values in their Pavement Management Systems (PMS) since 1990. How-
ever, IRI data collection can be challenging due to cost and resource constraints. This study presents an IRI 
prediction model for rigid pavements for three south Atlantic states of North Carolina, South Carlina, and Vir-
ginia. Utilizing climate and traffic data from the Long-Term Pavement Performance (LTPP) database, an Arti-
ficial Neural Networks (ANN) was developed to predict IRI. The R2 for the developed model is 0.84. Sensitivity 
analysis of the model showed that the climate factors have more influence on IRI. In addition, a closed-form 
stand-alone equation is also extracted from the model, which Local transportation agencies can leverage to 
predict IRI using available climate and traffic data. 



The ongoing progress of the IRI prediction models for 
rigid pavements is significant. However, from the 
construction and maintenance practitioners' point of 
view, a more simple and accurate prediction method 
is required without expert knowledge of machine 
learning. Therefore, this study aimed to develop an 
IRI prediction model and extract a closed-form equa-
tion from the model, which can be utilized by pave-
ment engineers without any prior knowledge of Arti-
ficial Neural Networks. With the help of the linear 
equation, pavement engineers can predict the IRI of a 
particular rigid pavement and plan more cost-effec-
tive maintenance and rehabilitation work programs.  

2 OBJECTIVES 

The objective of this study is to develop a prediction 
model using ANN for rigid pavement for three South 
Atlantic states in the wet no-freeze climate zone. 
From the model a closed-form stand-alone equation 
can be extracted which will work as a proxy for the 
complex machine learning model for practitioners. 
Moreover, perform sensitivity analysis of the predic-
tion equation as well to identify the effect of input 
variables on the IRI of rigid pavement. 

3 DATA COLLECTION, SELECTION, AND 
PROCESSING 

For pavement construction, upkeep, and manage-
ment, it is essential to comprehend how traffic and 
weather affect IRI in rigid pavements (Hossain, Go-
pisetti and Miah, 2020). The weather, traffic, and IRI 
data for the three South Atlantic states - North Caro-
lina, South Carolina, and Virginia were collected 
from LTPP. Figure 1 shows the three states consid-
ered in this study. 

 
 

Figure 1. The three South Atlantic states are considered in the 
study. 

 
In this study, the IRI of rigid pavement is predicted 

using weather conditions and traffic flow factors. 
These factors include the proportion of Annual Aver-
age Temperature, Equivalent Single Axle Load 
(ESAL), Average Humidity, Total Annual 

Precipitation, Previous IRI data, and GESAL (Gen-
eral Equivalent Single Axle Load) 

Annual Average Temperature is the temperature 
experienced over a year in a certain area, typically ex-
pressed in degrees Celsius or Fahrenheit. In pavement 
engineering, this measure is frequently used to evalu-
ate how temperature variations affect pavement per-
formance, including thermal cracking and rutting. 

Equivalent Single Axle Load (ESAL) Measures 
the cumulative damage caused by traffic loadings on 
pavement. It represents the impact of repeated wheel 
loads over time, converted to a standard axle load. 

The average relative humidity of the air at a partic-
ular area over one year is expressed as a percentage. 
This parameter is frequently used to evaluate how 
moisture affects pavement performance, including 
moisture-related distress and degradation. 

The total quantity of precipitation that falls at a 
certain area over a year represents Total Annual Pre-
cipitation. It includes rain, snow, and other types of 
moisture. The moisture level of the pavement layers, 
which can affect pavement performance such as rut-
ting, cracking, and frost damage, is a crucial parame-
ter in pavement engineering. 

The International Roughness Index (IRI), which 
was previously used, gauges how rough or smooth a 
pavement surface is. The term "Previous IRI" refers 
to the IRI value that was previously measured or 
noted at a certain location. This metric is used to 
measure the success of prior pavement maintenance 
or rehabilitation efforts as well as the state of a pave-
ment surface. 

GESAL (General Equivalent Single Axle Load) is 
a parameter that is calculated similarly to ESAL 
(Equivalent Single Axle Load) but uses constant LEF 
(Load Equivalency Factor). Unlike ESAL, GESAL is 
independent of pavement type, thickness, and level of 
distress, and can be used to compare traffic loads and 
their effects on pavement performance between dif-
ferent sites 

As one of the primary areas of research of the Stra-
tegic Highway Research Program (SHRP), the Long-
Term The prediction of International Roughness In-
dex (IRI) in rigid pavement using machine learning 
and environmental factors is a challenging task, but it 
can be achieved with appropriate data collection and 
modeling techniques. To begin, it is essential to 
gather a comprehensive dataset that includes the IRI 
values for the rigid pavements and the corresponding 
environmental factors, such as temperature, humidity, 
precipitation, traffic volume, and other relevant fac-
tors. This data can be collected from various sources, 
including road agencies, weather stations, and traffic 
monitoring devices. The data for this study is col-
lected from the LTPP program.  

This study uses multiple factors in predicting, the 
IRIs measured in the left and right wheel paths are 
employed, and the average IRI values are chosen as 
the primary factor. Table 1 shows the minimum, 



maximum, average, and standard deviation of the col-
lected data. With careful evaluation of the IRI values 
in North Carolina, South Carolina, and Virginia state, 
the model forecasts the average IRI in those states. 

 
Table 1.  Descriptive Statistics of the Model. 

Inputs Minimum Maximum Average Standard 
Deviation 

Tempera-
ture (°C) 

12.10 18.60 15.23 1.00 

Humidity 
(%) 

61.50 74.00 6.25 2.53 

Precipita-
tion (mm) 

696.30 1,436.90 370.30 177.98 

ESAL 18,735 9,33,000 4,57,132 1,74,340 
GESAL 25,405 7,39,377 3,56,986 1,31,338 
Previous 
IRI 

1.03 2.23 0.60 0.27 

4 ARTIFICIAL NEURAL NETWORK IRI 
MODEL DEVELOPMENT 

Artificial Neural Network is a branch of machine 
learning techniques that works similarly to the human 
brain. It works as a mathematical function with three 
layers (input, hidden, output) that process the infor-
mation through weighted connections. The hidden 
layer transforms the data utilizing weights and biases 
while the output layer produces final predictions. The 
weights and biases are continuously adjusted during 
learning phases to optimize the network’s perfor-
mance. In this study, for striking the balance between 
model simplicity and accuracy. neural networks con-
sisting of three hidden neurons are adopted.  

The architecture of the ANN model is shown in 
Figure 2. The neurons in the hidden layer are con-
nected to each input using weights and biases. 

 
 

Figure 2. The Architecture of the ANN model. 

 Wih and Bih stand in for the hidden layer's weights 
and biases. The hyperbolic tangent function is used as 
an activation function in the hidden layer. The hidden 
layer’s neurons are connected with the output neuron 
with weights and bias - Who, Bho respectively.  

The model used only the rigid pavements satisfy-
ing the climate condition of Wet No Freeze was used 
for this study. In the model training process, each in-
put was normalized between [-1,1] in the input layer. 
After passing through the input layer, the data moves 
on to the hidden layer. The output layer receives the 
transformed data from the hidden layer and produces 
the final output of the ANN model. The final output 
is then compared with the measured value of IRI and 
error is calculated. This error is fed into the model and 
backpropagated to the input layer adjusting its 
weights and biases with respect to error. One forward 
propagation and backpropagation is called an epoch. 
In the validation process, the objective is to minimize 
the Mean Squared Error (MSE). In the developed 
model development process, the best validation per-
formance was achieved at epoch seven. Figure 3 
shows the validation MSE with respect to epoch. The 
best validation performance is observed as 0.01149 at 
epoch 9. 

In the model development process, the standard 
70-15-15 approach was used where 15% of the data 
points were for model validation, 70% of the data 
points for model training, and 15% of the data points 
were left out for testing. The testing is performed to 
evaluate the model performance for data outside the 
training set. This serves the main goal of the study is 
to develop a robust model. Multiple models were de-
veloped in that process and one model with optimum 
prediction performance is reported. Figure 4 shows 
the best-performed model with correlation co-effi-
cient R2 for overall data is 0.84. 
 
 

Figure 4. Correlation Coefficient of Training, Validation, Test-
ing, and overall dataset. 



 For practitioners and engineers, a simple linear 
equation from the developed ANN model is ex-
tracted. This simple equation will predict IRI which 
is similar to the ANN. Equation 1 is the equation ex-
tracted from the model. 
 
 IRI = 0.6 × ( 0.4358 × ( Tanh ( 1.3907 θ + 0.2735 
H + 0.0038 P – 2.748 ES – 6.8248 GS + 0.3087 IRIprev 
) + ( - 0.2940 × ( Tanh ( 1.499 θ + 0.0133 H + 0.0021 
P – 7.4161 ES + 1.2243 GS - 5.1211 IRIprev ) + ( -
0.617 × ( Tanh ( -0.8883 θ + 0.0973 H - 0.0005 P + 
3.4712 ES – 5.3669 GS + 0.9939 IRIprev ) – 0.2113 + 
1 ) + 1           (1) 
 
Where IRI = International Roughness Index (m/km); 
IRIprev = Previous year IRI (m/km); θ = Annual aver-
age temperature (°C) ; G = Annual GESAL; H = An-
nual average humidity (%); P = Annual average pre-
cipitation (mm); E = Annual ESAL 

5 SENSITIVITY ANALYSIS OF THE 
DEVELOPED ANN MODEL 

The process of sensitivity analysis is crucial for stud-
ies that involve multiple input variables. It helps to 
determine which independent variables have the most 
significant impact on the dependent variable and 
which ones have the least. The results of the sensitiv-
ity analysis in Figure 5 show that the IRI for rigid 
pavement is more sensitive to humidity, temperature, 
and precipitation and least sensitive to ESAL. For 
rigid pavement IRI climate factors play a more im-
portant role than the traffic factors. 
 
 

Figure 2. The Architecture of the ANN Model 

6 CONCLUSIONS 

The International Roughness Index (IRI) prediction 
model for rigid pavement is developed with the avail-
able climate and traffic data for the wet no freeze cli-
matic conditions for three South Atlantic states - 

North Carolina, South Carolina, and Virginia. This 
ANN-based prediction model is developed after train-
ing, validation, and testing using LTPP data with 
R2=0.84. The constructed model can be utilized to 
forecast the IRI in the traffic and climatic conditions 
of these states.  

The sensitivity index is also calculated for all input 
variables. From this analysis, it is shown that the cli-
matic variables have the most effect on the output of 
the model than the traffic-related variables. 

Additionally, unlike previous studies, a closed-
form standalone equation is extracted from the model. 
This equation will enable the practitioner to apply the 
model in practical cases without expert knowledge of 
machine learning. The IRI prediction of rigid pave-
ment will lead to more cost-effective and reliable 
maintenance strategies thanks to the equation. 
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1 INTRODUCTION AND RELATED WORK 

In civil engineering, the use of CCPs in road construc-
tion raises significant environmental concerns due to 
the potential leaching of harmful trace elements, such 
as cadmium, into the groundwater (Eighmy, 2001). 
Estimating the concentration of these solutes is cru-
cial for assessing and mitigating the environmental 
impact of such materials. Several studies have mod-
eled the leaching behavior of trace elements from 
CCPs in road construction, relying on known physical 
and chemical parameters, such as soil permeability, 
porosity, and hydraulic conductivity, to predict solute 
movement (Kim, 2002; Mudd, 2004; Praharaj, et al., 
2002). However, these parameters are often difficult 
to measure accurately due to the inherent variability 
in soil composition, changes in material properties 
over short spatial scales, and the influence of environ-
mental factors such as moisture content, temperature, 
and pressure gradients. Additionally, measuring these 
properties often requires controlled laboratory tests 
on extracted samples, which are not only time-con-
suming and labor-intensive but also impractical for 
in-field applications without causing damage to the 
pavement structure. 

One of the most critical parameters for predicting 
the transport of contaminants is the seepage velocity, 
which influences the rate at which pollutants migrate 
through soil layers. This parameter is challenging to 
measure directly, as it is dependent on soil properties 
such as porosity, tortuosity, and hydraulic conductiv-
ity, all of which are spatially variable and difficult to 
obtain in practice. Without accurate knowledge of 
these parameters, reliable predictions of solute con-
centrations become extremely difficult, undermining 
risk assessments and decision-making in environ-
mental management. Moreover, road materials and 
the underlying soil layers are inherently heterogene-
ous, meaning that the seepage velocity must be mod-
eled as a field parameter to reflect this spatial varia-
bility. 

In recent years, machine learning tools, particularly 
Physics-Informed Neural Networks (PINNs), have 
shown promise in estimating the parameters needed 
to solve partial differential equations (PDEs) govern-
ing solute transport. PINNs have been used success-
fully to predict material properties and flow charac-
teristics in civil engineering problems, leveraging 
available data and solving the PDEs directly without 
needing traditional numerical methods (Raissi, et al., 

Physics-based modeling of contaminant leaching in road construction 
materials 

M.M. Masmoudi, X.L. Li, V.B. Boddeti, N.L. Lajnef
Michigan State University, East Lansing, Michigan, USA 

ABSTRACT: Coal combustion products (CCPs) offer a sustainable solution for road construction but pose 
environmental risks due to trace element leaching. Predicting solute concentrations accurately is critical to mit-
igating these risks as it guides contamination assessment and effective remediation. However, the heterogeneity 
of soils and materials in pavement layers, along with environmental factors, hinders reliable predictive models. 
To address this, this study utilizes a novel method to predict seepage velocity as a field, a critical parameter for 
modeling contaminant transport, integrated into the advection–dispersion–reaction governing equation. Unlike 
traditional assumptions of constant velocity parameters, our approach provides accurate prediction of solute 
concentrations and valuable insights into when pollutants may reach groundwater. Numerical simulations 
demonstrate superior performance in estimating seepage velocity and pollutant concentrations. The findings 
underscore the potential of this methodology to enhance environmental risk assessment in pavement engineer-
ing and support the safe, sustainable use of CCPs in infrastructure development. 



2019; Bolandi, et al., 2023). These models learn the 
underlying physical laws governing the system and 
can predict unknown parameters with fewer measure-
ments, making them highly efficient. However, 
PINNs still require substantial data for training and 
may not be as efficient in cases with limited data. Al-
ternative parameter estimation methods have demon-
strated significant potential in estimating parameters 
for partial differential equations (PDEs) using limited 
or sparse data. These methods have been successfully 
applied across various domains, including beam vi-
bration, heat conduction, and electrophysiology (Li, 
et al., 2022; Li, et al., 2024; Masmoudi, et al., 2024). 

Our approach offers a more data-efficient solution 
by predicting the seepage velocity with significantly 
less data, using only response data (i.e., the observed 
concentration of pollutants over time) without the 
need for direct measurements of soil properties. This 
is particularly advantageous in real-world scenarios 
where obtaining extensive datasets for all relevant pa-
rameters can be costly and time-consuming. Further-
more, our method is capable of extrapolating future 
outcomes, allowing for predictions about when pollu-
tants will reach the groundwater table. This predictive 
capability makes our approach a valuable tool for 
long-term environmental risk assessment, offering 
actionable insights into the environmental impact of 
using CCPs in road construction with far less data 
than traditional models. 

2 MODELING SETUP 
The proposed method discretizes PDEs spatially us-
ing Finite Difference discretization. The seepage ve-
locity 𝑉𝑧 is modeled by a feed-forward neural network 
with spatial coordinates inputs x and y, which corre-
spond to the coordinates of the nodes. The network in 
this study consists of 6 layers, each of the middle four 
layers containing 50 neurons and featuring skip-con-
nections. The network parameters are denoted as θ, 
and the seepage velocity is modeled as 𝑉𝑧(𝑥, 𝑦) =
𝑁(𝑥, 𝑦, θ). The estimated seepage velocity from the 
neural network is inserted into differential equations 
for forward inference (state variable prediction). The 
inference is compared with available observations in 
mini-batches to compute the loss. We employed the 
L1 loss function 𝐿(𝜃) = ∑ ⃒𝐶𝑝𝑟𝑒𝑑

 
  − 𝐶𝐺𝑟𝑜𝑢𝑛𝑑 𝑇𝑟𝑢𝑡ℎ⃒ 

as it provided superior results compared to both L2 
and normalized L2 loss. To optimize the parameters 
and train the network, the adjoint sensitivity method, 
combined with reverse-mode automatic differentia-
tion techniques is utilized for solving differential 
equations and efficiently computing the gradient of 
the loss function through the PDE solver 
(Rackauckas, et al., 2019; Chen, et al., 2018). 

3 PROBLEM SETUP 
In previous studies (Li, et al., 2006; Zheng & Bennett, 
Gordon D, 2002), seepage velocity has been modeled 
as a scalar parameter, assuming that the CCP layer 
and subgrade layer exhibit homogeneity in key prop-
erties such as porosity, hydraulic conductivity, and 
hydraulic gradient. This simplification directly ne-
glects the spatial variability that is often present in 
real-world systems. In this work, we address this lim-
itation by modeling seepage velocity as a spatially de-
pendent field parameter, capturing the inherent heter-
ogeneity in these layers. By defining seepage velocity 
as a nonlinear function, we account for variations in 
material properties and hydraulic conditions, ena-
bling a more realistic representation of the flow dy-
namics. This approach provides a significant im-
provement over traditional models, offering a 
framework better suited for analyzing complex sub-
surface systems. 

 
The pavement configuration depicted in Fig. 1 is 

analyzed in this study, which focuses on modeling the 
concentration of cadmium (Cd) within the CCP and 
subgrade layers. The objective is to predict the timing 
and concentration at which this pollutant may reach 
the groundwater table. To achieve this, the advection–
dispersion–reaction equation (ADRE) is solved 
within these layers (Bear, 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1 Governing Equations 
Leaching occurs as water moves downward through 
the CCP layer, following different patterns such as 
first-flush, lagged response, or empirically defined 
behaviors. First-flush leaching is modeled using the 
ADRE with linear, instantaneous, and reversible 
sorption, while lagged or other patterns are described 
empirically based on concentration and flow data. In 
the vadose zone below the CCP layer, transport is 
modeled using the ADRE for 1D steady-state vertical 
flow with 2D dispersion and linear, instantaneous 
sorption. 
 

Figure 1. Layers of pavement: CCP layer and subgrade are 
considered heterogeneous materials, resulting in spatially de-
pendent seepage velocity. 



𝑅
𝜕𝐶

𝜕𝑡
= 𝐷𝑥

𝜕2𝐶

𝜕𝑥2
+  𝐷𝑧

𝜕2𝐶

𝜕𝑧2
− 𝑣𝑧

𝜕𝐶

𝜕𝑧
 (1) 

In this equation, 𝐶 represents the solute concentra-
tion, 𝑡 is time, 𝑥 is the horizontal distance from the 
pavement centerline, 𝑧 is the depth below ground sur-
face, 𝑣𝑧  is the vertical seepage velocity, 𝐷𝑥 and 𝐷𝑧 
are the dispersion coefficients in the x and z direc-
tions, and 𝑅 is the retardation factor. The vertical 
seepage velocity (𝑣𝑧) is to be predicted. The hydrody-
namic dispersion coefficients are calculated using 
𝐷 = α 𝑣𝑧 + 𝜏𝐷0, where α is the dispersivity (vertical 
or horizontal), and 𝐷0 is the molecular diffusion co-
efficient (Leij, et al., 1991). It is assumed that chemi-
cal and biological reactions, which might alter or con-
sume trace elements, are absent.  

3.2 Boundary and initial conditions 
 
𝐶(𝑥, 𝑧, 𝑡 = 0) = 𝐶0  (2) 

(𝑣𝑧𝐶 − 𝐷𝑧
𝜕𝐶

𝜕𝑧
)|

𝑧=𝑧𝑡𝑜𝑝

= 𝑣𝑧 𝑓(𝑥, 𝑧𝑡𝑜𝑝, 𝑡) (3) 

(
𝜕𝐶

𝜕𝑥
)|

𝑥=𝑥0,𝑥𝐿

= 0 (4) 

 
Where, 𝑥0 = 0,  𝑥𝐿 =  2𝑚,  𝑧𝑡𝑜𝑝,𝐶𝐶𝑃  =  0𝑚 , and  
𝑧𝑡𝑜𝑝,𝑆𝑢𝑏𝑔𝑟𝑎𝑑𝑒   =  0.3𝑚 . 𝑓(𝑡) is the concentration 
from the previous layer and 𝐶0 is the initial concen-
tration.  

3.3 Problems parameters 
 

Table 1.  Simulation Parameters. 
Parameters CCP Layer Subgrade 
Initial concentration 𝐶0(𝜇𝑔/𝑙)  4 0 
Tortuosity 𝜏 0.7 0.7 
Longitudinal dispersivity 𝛼𝐿 0.1 0.1 
Transverse dispersivity 𝛼𝑇 0.01 0.01 
Retardation factor 𝑅 3.5 3.5 
Molec`ular diffusion coeffi-
cien𝐷0 (10−10𝑚2/s) 

6.0 6.0 

 
We conducted contaminant leaching analysis on the 

CCP and subgrade layers using a computational mesh 
with 400 nodes per layer. The system dimensions in-
cluded a 2𝑚  width, a 0.3𝑚 deep CCP layer, and a 
4.5𝑚 deep subgrade layer. The subgrade material was 
modeled as silt loam. The seepage velocity in the 
CCP layer was modeled with a nonlinear distribution 
ranging from 0.19 to 0.26, while for the subgrade 
layer, it ranged from 0.91 to 1.12.  

4 NUMERICAL RESULTS 

We demonstrate the efficacy of our method in pre-
dicting a nonlinear field seepage velocity distribution, 
achieving a mean absolute percentage error (MAPE) 
as low as 1.6%. We also analyze the system's re-
sponse at 𝑡 = 40 years, where the response mean ab-
solute error (MAE) remains below 3 × 10−4 𝜇𝑔/𝑙 
when utilizing the predicted field seepage velocity. 

 

To provide a comprehensive comparison and em-
phasize the importance of modeling the parameter as 
a field rather than a scalar, we also present the system 
response based on scalar parameter prediction. In this 
case, a single neuron predicts the scalar parameter, 
which typically converges to the mean of the ground 
truth field parameter distribution. However, this ap-
proach results in substantial errors, with a forward in-
ference MAE of 2.6 × 10−2𝜇𝑔/𝑙 compared to just 
3 × 10−4𝜇𝑔/𝑙  for the field-based approach by our 
method   Furthermore, we evaluate our method’s ex-
trapolation performance at 𝑡 = 50 years, where it 
achieves an MAE of 8 × 10−3𝜇𝑔/𝑙 relative to the 
ground truth. In contrast, the extrapolated response 
using the scalar parameter model shows a signifi-
cantly higher error of 8 × 10−5𝜇𝑔/𝑙. We successfully 
trained our model using only 600 measurements per 
layer, distributed across both temporal and spatial di-
mensions.  

Figure 2. Accurate estimation of the field 
seepage velocity 𝑉𝑧 with a MAE of 1.6%. 



 

5 CONCLUSION 

This paper presents a novel approach for modeling 
seepage velocity as a spatially dependent field param-
eter, achieving a remarkable improvement in predic-
tion accuracy. The proposed method reduces error to 
3 × 10−4𝜇𝑔/𝑙, a substantial enhancement compared 
to the previous accuracy of 2.6 × 10−2𝜇𝑔/𝑙 in pre-
dicting contaminant transport through heterogeneous 
pavement layers. The model not only outperforms 
scalar-based methods but also demonstrates strong 
extrapolation capabilities, enabling reliable predic-
tions of when and at what concentration pollutants 
will reach groundwater. This predictive ability pro-
vides valuable insights for taking timely precautions, 

making the method a powerful tool for mitigating 
groundwater contamination risks in CCP-based road 
construction. 

6 REFERENCES 

Bear, J., 2012. Hydraulics of groundwater. s.l.:Courier 
Corporation. 

Bolandi, H. et al., 2023. Physics informed neural network for 
dynamic stress prediction. Applied Intelligence, Volume 53, pp. 
26313-26328. 

Chen, R. T., Rubanova, Yulia, Bettencourt, Jesse & 
Duvenaud, David K, 2018. Neural ordinary differential 
equations. Advances in neural information processing systems, 
Volume 31. 

Eighmy, T. T. a. C. W. H. a. o., 2001. Framework for 
Evaluating Use of Recycled Materials in the Highway 
Environment. United States. Department of Transportation. 
Federal Highway Administration. 

Kim, A. G., 2002. CCB leaching summary: Survey of 
methods and results. s.l., Proceedings of Technical Interactive 
Forum, Coal Combustion By-Products and Western Coal Mines. 

Leij, F. J., Skaggs, Todd H & Van Genuchten, Martinus Th, 
1991. Analytical solutions for solute transport in three‐
dimensional semi‐infinite porous media. Water resources 
research, Volume 27, pp. 2719-2733. 

Li, L., Benson, Craig H, Edil, Tuncer B & Hatipoglu, Bulent, 
2006. Groundwater impacts from coal ash in highways. s.l., 
Proceedings of the institution of civil engineers-waste and 
resource management. 

Li, X. et al., 2022. NeuralSI: Structural Parameter 
Identification in Nonlinear Dynamical Systems. s.l., European 
Conference on Computer Vision. 

Li, X., Masmoudi, Mahdi, Lajnef, Nizar & Boddeti, Vishnu, 
2024. Estimating field parameters from multiphysics governing 
equations with scarce data. s.l., ICLR 2024 Workshop on 
AI4DifferentialEquations In Science. 

Masmoudi, M., Li, Xuyang, Lajnef, Nizar & Boddeti, 
Vishnu, 2024. ParaFIND: Parameter Field Inference on Non-
uniform Domains using Neural Network. s.l., NeurIPS 2024 
Workshop on Data-driven and Differentiable Simulations, 
Surrogates, and Solvers. 

Mudd, G. M., 2004. Environmental geochemistry of leachate 
from leached brown coal ash. Journal of environmental 
engineering, Volume 130, pp. 1514-1526. 

Praharaj, T., Powell, MA, Hart, BR & Tripathy, S, 2002. 
Leachability of elements from sub-bituminous coal fly ash from 
India. Environment international, Volume 27, pp. 609-615. 

Rackauckas, C. et al., 2019. Diffeqflux. jl-A julia library for 
neural differential equations. arXiv preprint arXiv:1902.02376. 

Raissi, M., Perdikaris, Paris & Karniadakis, George E, 2019. 
Physics-informed neural networks: A deep learning framework 
for solving forward and inverse problems involving nonlinear 
partial differential equations. Journal of Computational physics, 
Volume 378, pp. 686-707. 

Zheng, C. & Bennett, Gordon D, 2002. Applied contaminant 
transport modeling. Wiley-Interscience New York, Volume 2. 

Figure 3. Forward inference using the predicted parameter 
shows our method’s robust performance in both interpolation 
and extrapolation tasks. Field parameter modeling achieves a 
forward inference MAE of 3 × 10−4𝜇𝑔/𝑙 (first column), sig-
nificantly outperforming scalar parameter modeling (MAE of 
2.6 × 10−2𝜇𝑔/𝑙. Extrapolation at 𝑡 = 50 years (second col-
umn) results in an MAE of 8 × 10−3𝜇𝑔/𝑙, compared to 8 ×
10−5𝜇𝑔/𝑙 for the scalar model. 



1 INTRODUCTION 
To streamline maintenance operations, pavement 
management systems (PMS) have been implemented 
to survey, analyze, and assist decision-makers in al-
locating resources for pavement maintenance (Al-
Mansour et al., 2022). As an initial step in pavement 
management, data collection is critical to the deci-
sion-making process. 

Various data collection methods such as manual 
surveys, cameras or laser scanners fitted to vehicles, 
portable platforms, and unmanned aerial vehicles 
(UAVs), have been employed. Recent efforts have 
seen the adoption of cameras fitted to portable de-
vices such as cars, motorcycles, and bicycles for the 
collection of pavement distress information (Arya et 
al., 2022). This approach is lauded for its cost-
effectiveness and efficiency in data collection. For 
instance, Mei and Gül (2020) reported spending ap-
proximately 350 USD on purchasing and mounting a 
GoPro to their vehicle for pavement distress data 
collection. Furthermore, the efficiency of this ap-
proach is also evident in the introduction of big data 
competitions that utilize camera data for pavement 
distress detection (Arya et al., 2022). However, the 
adoption of this cost-effective data collection meth-
od inevitably encounters the challenge of shadows 
within the images. 

Shadows obscure crack patterns due to their simi-
lar intensity to crack regions (Zou et al., 2012). Ad-
ditionally, boundary regions caused by shadows can 
be misinterpreted as cracks, leading to false positive 

detections (Pal et al., 2021). Furthermore, the une-
ven illumination caused by shadow regions results in 
inconsistencies in detection by machine learning and 
segmentation algorithms (Zou et al., 2012). There-
fore, the elimination of shadow regions in these im-
ages is paramount for the accurate detection of 
pavement distress. 

This article therefore aims to adopt a novel shad-
ow removal algorithm in top-down and oblique-view 
pavement images captured with low-cost cameras. 
Specifically, we will (1) Compile a Pavement Image 
Shadow Triplet Dataset (PISTD) composed of top-
down and oblique-view pavement distress images by 
performing image processing manipulation on shad-
ow-free images using ISTD (Wang et al., 2017) 
mask images. (2) Train the latent diffusion model by 
Mei et al. (2023) to eliminate shadows in pavement 
images. Hyperparameter tuning of the training itera-
tions and learning rate will be performed. Addition-
ally, the model will be trained with 512x512 and 
256x256 image sizes. (3) Compare model results 
with existing state-of-the-art models using Root 
Mean Squared Error (RMSE), Peak Signal-to-Noise 
Ratio (PSNR), and F1 score metrics. F1 score met-
rics are based on segmentation accuracy. (4) Test the 
zero-shot performance of the model for shadow re-
moval.  

ABSTRACT: Shadows introduce uneven illumination; obscuring crack details and causing shadow bounda-
ries to be misinterpreted as cracks within crack detection algorithms. This study proposes a shadow removal 
algorithm leveraging conditional diffusion models to eliminate shadows in top-down and oblique-view pave-
ment images. We introduce the Pavement Image Shadow Triplet Dataset (PISTD), based on the ISTD dataset 
for the task. Hyperparameter tuning and training are explored on 256x256 and 512x512-pixel images to de-
termine the tradeoff between crack detection accuracy and reconstruction precision. Moreover, the two mod-
els are compared with state-of-the-art models across PSNR, RMSE, and F1 accuracy metrics. The proposed 
model achieves a 6% and 38% higher segmentation accuracy on top-down and oblique view images, respec-
tively. Evaluation of the algorithm is performed with real-world shadow images with qualitative results on the 
images demonstrating the effectiveness of the approach.  
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2 LITERATURE REVIEW 

Within literature, shadow removal across different 
scenes has been explored through image processing 
and deep learning approaches. Deep learning has 
emerged as a prevailing standard for shadow remov-
al through popular algorithms such as the Shadow-
GAN (Hu et al., 2019), Stacked Conditional GAN 
(ST-CGAN) (Wang et al., 2017), ARGAN (Ding et 
al., 2019), and DC-ShadowNet (Jin et al., 2023). 
However, these models require a large amount of 
training data and, due to their architecture and ad-
versarial training approach, they are computationally 
complex. This complexity can introduce training in-
stability and poor generalizability (Mei et al., 2023). 

Diffusion models have demonstrated improved 
stability over GANs in generative tasks (Rombach et 
al., 2022). Given this, in an initial attempt to perform 
instance shadow removal, Mei et al (2023) adopted 
the conditional diffusion model for shadow removal 
across different scenes. Although this approach out-
performs state-of-the-art methods, it has not been 
specifically applied to pavement images, which pre-
sent a new level of complexity due to the similarity 
in intensity between shadow regions and cracks. 

3 PROPOSED METHODOLOGY 
In this research, a diffusion network is employed for 
shadow removal due to its robustness compared to 
other methods. The algorithm proposed by Mei et al. 
(2023) is selected over other diffusion techniques as 
it introduces a learned latent feature space used for 
conditioning the diffusion model and integrates 
noise features within the diffusion network to miti-
gate the risk of converging to local optima during 
training. The adopted algorithm can be delineated 
into three critical modules: (1) the conditional diffu-
sion module, (2) the latent encoder module, and (3) 
the noise fusion module. 

 

3.1 Conditional Diffusion Module 
As an extension of ordinary diffusion models, 

conditional diffusion models incorporate additional 
information or conditions, such as class labels, text 
descriptions, or other modalities during training. 
Fundamentally, diffusion models simulate the pro-
cess of data corruption (forward diffusion process) 
and its reversal (reverse diffusion process), enabling 
the generation of new data samples by reversing the 
diffusion process. In the context of this research, the 
forward process corrupts the shadowed image, while 
the reverse process generates the shadow-free image.  

3.2 Latent Encoder 
In this research, a novel latent feature space is 

employed to guide the model. Given the shadow 

mask and the shadowed image, the latent encoder 
generates a latent feature vector, which is subse-
quently used as the condition within the diffusion 
model. A U-Net model with an architecture similar 
to that of the diffusion network is adopted. 

3.3 Noise Fusion Model 
 Posterior collapse refers to a phenomenon where 

the learned latent representations fail to encode 
meaningful information about the input data. Ob-
served within diffusion models, this happens when 
the training procedure of generative models falls into 
a trivial local optimum. Posterior collapse is espe-
cially undesirable in shadow removal due to the 
complexity of different shadows within the models. 
This article, therefore, adopts Mei et al. (2023) ap-
proach, which involves fusing the learned embed-
dings and features within the diffusion network to 
overcome posterior collapse. 

4 DATASET 

Within the domain of shadow removal, two primary 
benchmark datasets are commonly referenced: the 
ISTD (Wang et al., 2017) and AISTD/ISTD+ (Le & 
Samaras, 2019). The ISTD and AISTD datasets in-
clude triplets of shadow images, shadow-free imag-
es, and shadow masks, covering a variety of scenes 
such as walls, grass surfaces, and sidewalks of dif-
ferent colors. However, shadow removal on pave-
ments presents unique challenges as pavement dis-
tresses can have intensities similar to those within 
the shadowed regions.  

This article therefore introduces the Pavement 
Image Shadow Triplet Dataset (PISTD). To con-
struct this dataset, shadow masks from the ISTD da-
taset are applied to pavement images with varying 
degrees of opacity. To better emulate real-world 
shadow conditions, these masks are enlarged to cov-
er more extensive regions within the images. Top-
down shadow images are sourced from the CFD (Shi 
et al., 2016), CrackTree200 (Zou et al., 2012), and 
DSPS24 datasets. Additionally, to replicate angled 
data collection, crack-free images were manually 
collected by the authors. To further augment this da-
taset, crack-free images from the EdmCrack600 (Q. 
Mei & Gül, 2020) dataset were also included. Figure 
1 presents an example of shadow image, shadow 
mask and shadow-free image. The entire dataset was 
divided into training and testing sets in a 4:1 ratio to 
facilitate robust evaluation. 
 
 
 
 
 
 
 



 
 
 
 
 

 
 
Figure 1. PISTD sample. 

5 TRAINING 

Hyperparameter tuning was performed with results 
revealing a learning rate of 1.0e-5, training over 
300,000 iterations with a gaussian noise schedule 
steps of 1,000 achieving optimum performance. Fur-
thermore, a comparison of training on different im-
age sizes (256x256 vs 512x512) showed that an in-
crease in image size results in a decrease in PSNR 
and an increase in RMSE.  

Give a batch size of 1, trained over an NVIDIA 
RTX 3090 GPU with 24GB of memory compute, 
took approximately 81 hours with a 512x512 image 
size.  

6 RESULTS 

6.1 Comparison with the state-of-the-art 
The performance metrics of the model are bench-

marked against three state-of-the-art shadow remov-
al models: DC-ShadowNet (Jin et al., 2023), SG-
ShadowNet (Wan et al., 2022), and G2R-ShadowNet 
(Qu et al., 2017). These comparative models utilize 
Generative Adversarial Networks (GANs) with dis-
tinct variations in their architectures, loss functions, 
and training methodologies 

As observed in Table 1, our model, trained on 
256x256 images, achieves PSNR and RMSE metric 
scores comparable to state-of-the-art models when 
tested on top-down view images. Although these 
values represent a slight decrease compared to the 
best-performing SG-ShadowNet, our approach pro-
duces smoother, shadow-free images (Figure 2 last 
column). The slightly lower RMSE and PSNR are 
attributed to the noise introduced by our model; 
however, this noise does not adversely affect seg-
mentation accuracy, as demonstrated by an F1 score 
of 59.3% (Table 1).  

Table 2 presents the quantitative comparisons of 
the models when tested on angled view images. As 
shown, our model outperforms all other approaches 
on the RMSE and PSNR metrics when trained on 
256x256-sized images. Similarly to top-down view 
images, while other models result in shadow bound-
aries, our proposed approach achieves smoother 
shadow removal (Figure 2). However, as in the top-
down view results, the proposed model trained on 
512x512 images exhibits a color shift, adversely af-

fecting the RMSE and PSNR values. Despite this 
color shift, the model effectively removes all shad-
ows within the images, attaining a 61.4% F1 score 
for segmentation, a 74% increase from the shadow 
image (Table 2).  
 
Table 1. Quantitative comparison results in top-
down view images _______________________________________ 
Method     RMSE PSNR  F1 score         _______________________________________________________________________________________ 
DC-Shadow Net  9.8  28.9   55.5       
SG-Shadow Net  7.4  31.9   49.3   
G2R-ShadowNet 10.9  30.1   39.5   
Ours-256    9.5  30.0   39.5   
Ours-512    14.4  26.0   59.3   
Shadow Image  _   _    43.7    ________________________________________ 
 
Table 2.  Quantitative comparison results in oblique 
view images. ________________________________________ 
Method     RMSE   PSNR  F1 score               ________________________________________ 
DC-Shadow Net  8.1  30.6   44.2 
SG-Shadow Net  8.8  30.1   37.2 
G2R-ShadowNet 12.3  28.2   32.9 
Ours-256    7.8  31.0   47.3 
Ours-512    11.3  28.1   61.4 
Shadow Image   _        _    33.7 ________________________________________ 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2. Visual comparison of shadow removal algorithms. 
 

6.2 Zero-shot Results 
This section aims to evaluate the proposed ap-
proach’s performance with real-world shadows. As 
shown in Figure 3, the images presented are cap-
tured at an oblique angle, representing the current 
trend in data collection studies. Since original masks 
for these images do not exist, a SAM model was 
trained and used to develop shadow masks for the 
evaluation. As observed, given the SAM shadow 
mask, the proposed model eliminates shadows with 
high accuracy, particularly in the model trained with 



256x256-pixel images. In contrast, the model trained 
with 512x512-pixel images experiences a color shift 
and struggles with a larger shadow boundary. 

Figure 3. Zero shot results of the proposed approach. 

7 CONCLUSION 

This study presents a novel approach for shadow 
removal in pavement imagery using a diffusion 
model conditioned on encoded mask and shadow 
image latent. To achieve this, a Pavement Shadow 
Triplet Dataset (PSTD) was introduced by combin-
ing masks from the ISTD dataset with different 
pavement images at varying opacity. Hyperparame-
ter tuning during model training showed that a learn-
ing rate of 1e-5 and training over 300,000 epochs re-
sulted in the best model accuracy. A comparison of 
different image sizes revealed the model trained with 
256x256-pixel images exhibited a superior perfor-
mance in both quantitative metrics (PSNR and 
RMSE) and qualitative assessments, providing 
smoother shadow-free images without the shadow 
boundaries observed in other models. The model 
trained with 512x512-pixel images, while effective 
in shadow removal, exhibited a color shift that af-
fected RMSE and PSNR values, highlighting the 
complexity introduced by larger image sizes. A 
comparison of segmentation accuracy shows the 
model trained on 512x512-pixel images attains the 
highest F1 score on both angled and top-down view 
pavement images. This was attributed to the in-
creased resolution associated with larger images. 
The zero-shot capability of our model was validated 
through the accurate removal of shadows in real-
world oblique view images, further showcasing the 
proposed approach's robustness and applicability in 
practical scenarios.  

Our results indicate that the proposed approach 
not only meets but often exceeds the performance of 
existing methods in shadow removal tasks. Future 
work should focus on addressing the color shift in 
larger images. 
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1 INTRODUCTION 
The transportation network is a vital national asset, 
and its deterioration requires timely maintenance to 
avoid high costs (Coenen & Golroo, 2017). Pavement 
Management Systems (PMS) optimize maintenance 
through data collection, analysis, and planning, with 
automated methods like dynamic sensors and image-
based techniques offering efficiency (Sholevar et al., 
2022). Crack detection is key, but traditional methods 
often face challenges in complex conditions (Cham-
bon & Moliard, 2011). Deep Learning-based (DL) 
predictive models have improved detection accuracy, 
but they require large, high-quality datasets, which 
are often scarce (Arya et al., 2021; Shi et al., 2016). 
Generative Adversarial Networks (GANs) help by 
generating synthetic crack images to augment da-
tasets, though challenges like mode collapse and res-
olution limitations remain (Gulrajani et al., 2017). 

2 LITERATURE REVIEW 
Various GAN variants, such as Conditional GANs 
(CGANs) and CycleGANs, have been used to en-
hance image generation for pavement crack detection 
(Zhu et al., 2017). Generative Adversarial Network 
with Gradient Penalty (WGAN-GP) addresses data 
imbalance and generates high-quality crack images 

(Hou et al., 2022), while Deep Convolutional GAN 
(DCGAN) and CrackGAN improve detection accu-
racy through integration with Convolutional Neural 
Networks (CNNs) (Xu & Liu, 2022). Methods like 
Progressive Generative Adversarial Network 
(ProGAN) and WGAN-GP stabilize training and im-
prove image resolution (Karras et al. 2017, Gulrajani 
et al. 2017), and combining Variational Autoencoders 
(VAE) with DCGAN enhances image quality (Pei et 
al., 2021). Additionally, integrated frameworks like 
Automatic Pavement Crack Generation Adversarial 
Network (APC-GAN) and Attention Network (At-
tuNet) excel in pixel-level segmentation (Zhang et al., 
2023). CNNs, especially U-Net-based architectures, 
have proven effective in crack detection and segmen-
tation (Fan et al. 2018, König et al. 2020), advancing 
automated pavement assessment systems. 

3 METHODOLOGY AND DATASET 
PREPARATION 

The dataset for this study includes 11,298 images 
from 12 crack detection datasets, with 9,603 for train-
ing and 1,695 for testing. A subset of 3,000 pavement 
distress images, covering various crack types, was 
used to train both the WGAN-GP and U-Net models. 
All images were resized to 128×128 pixels for con-
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sistency, normalized, and augmented using tech-
niques like random flips, rotations, and brightness ad-
justments to enhance variability and robustness. The 
WGAN-GP model generated synthetic pavement dis-
tress images, which were added to the limited Crack 
500 dataset in varying proportions. These augmented 
datasets were then used to train and test the U-Net 
model. The effectiveness of the synthetic data in im-
proving the model's performance was assessed by 
evaluating the U-Net on datasets with different com-
binations of real and generated images, aiming to op-
timize the performance of the pavement distress pre-
diction model. 

3.1 WGAN-GP Model 

The WGAN-GP model consists of a generator and a 
discriminator. The generator, built with transposed 
convolutional layers, creates 128x128 grayscale im-
ages from random noise, using batch normalization, 
ReLU activation, and a final Tanh activation to scale 
pixel values. The discriminator processes input im-
ages through convolutional layers, downscaling them 
until producing a scalar output that classifies the im-
age as real or generated, using LeakyReLU activation 
and batch normalization. The model employs a gradi-
ent penalty to ensure Lipschitz continuity, stabilizing 
training by penalizing large gradient norms. Perfor-
mance is evaluated utilizing four metrics, including 
Mean Squared Error (MSE), Structural Similarity In-
dex (SSIM), Dice coefficient, and Peak Signal-to-
Noise Ratio (PSNR). These metrics assess image 
quality, structural similarity, segmentation accuracy, 
and noise levels, respectively, providing a compre-
hensive evaluation of the generator's output. 

3.2 Pavement Crack Segmentation Model 

The study used a U-Net-based model with a Res-
Net34 encoder for pavement crack segmentation. The 
model was trained on the Crack 500 dataset, aug-
mented with synthetic images generated by the 
WGAN-GP model (50, 150, 250, 1000, and 5000 im-
ages). Performance was evaluated using loss, Dice 
coefficient, and Intersection over Union (IoU). Lower 
loss and higher Dice coefficient and IoU values indi-
cated better model performance, with these metrics 
assessing the impact of synthetic data on segmenta-
tion accuracy for pavement crack detection. 

4 RESULTS 

This section evaluates the impact of augmenting the 
Crack 500 dataset with synthetic images generated by 
the WGAN-GP model. Synthetic images were added 
in increments of 50, 150, 250, 1000, and 5000, corre-
sponding to percentage increases of 20%, 60%, 
100%, 400%, and 2000%, respectively. The U-Net 
model's performance was assessed using metrics such 
as training, validation, and test loss, Dice coefficient, 
and IoU to determine how the addition of synthetic 
data improved segmentation accuracy. 

4.1 Effectiveness of the WGAN-GP 

The WGAN-GP model generated realistic pavement 
distress images to augment the Crack 500 dataset. 
Preprocessing steps included converting images to 
grayscale, resizing to 128×128 pixels, and applying 
augmentations like flips and rotations. The generated 
images were evaluated with MSE (0.040), SSIM 
(0.71), Dice coefficient (0.89), and PSNR (14 dB). 
The results indicated minimal pixel differences, mod-
erate structural fidelity, and good capture of key fea-
tures like cracks. Visual comparisons (Figure 1) con-
firmed the generated images closely resembled real 
data, demonstrating the model's effectiveness for data 
augmentation in segmentation tasks. 

Figure 1. Comparison of real and GAN-generated pavement im-
ages. 

4.2 Effectiveness of the U-Net Model 

The U-Net model was first trained on the original 
Crack500 dataset to establish baseline performance. 
After training for 50 epochs, the model achieved a 
training loss of 0.031, a validation loss of 0.032, a 



Dice coefficient of 0.93 for training, and 0.92 for val-
idation, along with IoU values of 0.87 (training) and 
0.86 (validation), indicating good generalization. 
Subsequently, the model was trained with varying 
amounts of augmented images generated by the 
WGAN-GP model. As the number of augmented im-
ages increased, performance improved, as shown in 
Table 1. The model performed best with 1000 aug-
mented images, achieving a significant reduction in 
loss (0.010), a Dice Coefficient of 0.96, and an IoU 
of 0.92. Further augmentation with 5000 images re-
sulted in slight performance improvement, but also a 
slight increase in loss, indicating diminishing returns. 
Table 1. Performance of U-Net model with different percentages 
of augmented images added to the Crack500 dataset - test set. 

Parameter Original 
Augmented data 

+50 +150 +250 +1000 +5000 

Loss 0.032 0.031 0.025 0.021 0.010 0.020 

Dice Coefficient 0.92 0.93 0.94 0.94 0.96 0.94 

IoU 0.86 0.87 0.89 0.90 0.92 0.90 

Figure 2 illustrates the U-Net model's training dy-
namics with 1000 augmented images. The loss de-
creased steadily, and the Dice coefficient and IoU val-
ues improved over the epochs, reaching 0.96 and 0.92 
by the end of training. This suggests that adding aug-
mented data significantly enhanced the model's seg-
mentation performance, with optimal results achieved 
by increasing the dataset size by 2000%. 

Figure 2. Loss, Accuracy, Dice coefficient, and IoU for U-Net 
with 1000 augmented images. 

5 CHALLENGES 

Training the WGAN-GP and U-Net models presented 
several challenges. While the WGAN-GP generated 
realistic synthetic images (Dice coefficient: 0.89, 
SSIM: 0.71), it faced stability issues and required sig-
nificant computational resources and time. Generated 
images lacked some fine details, limiting their preci-

sion. The U-Net model showed improved perfor-
mance with synthetic data, reaching optimal results 
with 1000 augmented images (Dice coefficient: 
0.961, IoU: 0.92). However, further augmentation 
(2000%) showed diminishing returns, indicating re-
dundancy and limiting improvements. The models 
also posed high computational demands, with the 
WGAN-GP taking about one hour to generate images 
and the U-Net requiring 30 minutes for training on the 
largest dataset. Balancing dataset size, computational 
costs, and model complexity is essential for optimiz-
ing performance 

6 CONCLUSION 

This study explored the use of a WGAN-GP model to 
generate synthetic pavement distress images and a U-
Net model for crack segmentation, aiming to over-
come the limitations of small annotated datasets 
through data augmentation. The WGAN-GP model 
successfully generated high-quality synthetic images, 
achieving a Dice coefficient of 0.89 and an SSIM of 
0.71, indicating that the synthetic data closely resem-
bled real pavement distress images. The U-Net 
model, trained on the original Crack500 dataset, 
demonstrated strong segmentation performance with 
a Dice coefficient of 0.92 and IoU of 0.86. Adding 
1000 generated images (a 400% augmentation of the 
dataset) resulted in the optimal performance, with a 
Dice coefficient of 0.96 and IoU of 0.92. While train-
ing the WGAN-GP model took approximately 1 hour, 
the U-Net model required about 30 minutes for train-
ing with the largest augmented dataset, using 
Kaggle’s cloud infrastructure. Challenges included 
diminishing returns in segmentation performance 
with excessive data augmentation, high computa-
tional costs, and the need for careful parameter tuning 
to avoid overfitting. Future research should focus on 
refining the synthetic data generation process, explor-
ing advanced model architectures, and improving 
computational efficiency for large-scale applications. 
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1 INTRODUCTION 

1.1 Overview 
Road pavements are significant requirements for 
transportation and support economic activity, besides 
public safety. Overloading traffic and environmental 
stresses, combine with ageing, are relevant to the 
skilled management of pavements. Pavement 
Management Systems [4] applies nondestructive 
testing techniques to produce critical data for 
maintenance decisions. Traditional pavement 
assessment methods could not be more effective in 
data management as natural interactions are complex, 
and their study requires advanced methodology [1]. 
Machine learning, provides a solution to the former 
with very high predictive accuracy [2]. Table 1. 
shows the comparison between Traditional approach 
vs. Machine Learning Approaches in Pavement 
Condition   Assessment. 
Table 1 Traditional vs Machine Learning 
Traditional Method Machine Learning Approach 

Manual Data Collection 

Physical Measurements 

Labor-Intensive Analysis 

Test Frequency Limitation 

Expensive Equipment 

Automated Data Collection 

Big Data Inputs Algorithmic 

Based Analysis  

Continuous Learning 

Cost-Effective Computation 

2 SIGNIFICANCE 

2.1 Primary Objectives 
• Development of predictive models for

pavement condition
• Improved prediction accuracy
• Operational efficiency
• Integration into a Decision Support    System.

2.2 Traditional Methods 
Pavement evaluation is an integral part of pavement 
engineering that considers assessing pre-existing 
conditions to guide maintenance and rehabilitative 
actions. Several measurement techniques have been 
put in place to determine deflection under load or 
other aspects relating to performance. One such 
method is the Falling Weight Deflectometer [1]. 

2.3 Falling Weight Deflectometer (FWD) 
A Falling Weight Deflectometer (FWD) is a non-
destructive tool used for assessing the structural 
integrity of pavements. It operates by dropping a 
specified weight onto the pavement surface and 
recording the deflections generated. These deflection 
measurements provide insights into how the 
pavement responds to the applied load, helping 
engineers evaluate its load-bearing capacity and 
overall condition.  

Optimizing pavement performance prediction with stacking regressor 
models 
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Sensors placed at specific distances from the impact 
point record these deflections, helping engineers 
assess the stiffness and load-bearing capacity of the 
pavement layers. FWD tests are commonly used for 
road maintenance planning, pavement rehabilitation, 
and determining the remaining life of a pavement 
structure. This method provides accurate and quick 
assessments without causing damage to the 
pavement [2]. 

3 DATA COLLECTION  

3.1 Field Testing and Instrumentation 
A diverse Indian road network of approximately 124 
kilometers was carefully selected, focusing on areas 
having varying degrees of pavement distress, such as 
fatigue cracking, rutting, and surface degradation. 
This dataset contained over 2001 test records, 
ensuring diversity and representativeness in the 
sample to train and validate a model. Field surveys 
were conducted using stringent standards set by the 
Indian Road Congress, employing the Dynatest Model 
8000 Falling Weight Deflectometer (FWD), 
equipped with a 300 mm diameter load plate (IRC 
115, 2014). Geophones were strategically positioned 
at 0-, 200-, 300-, 600-, 900-, and 1200-mm offsets to 
capture deflection data comprehensively. Each 
testing location underwent three load drops, with 
precise adjustments for temperature variations and 
standard load conditions.[1] 

3.2 Measurement Parameters 
The data included various critical parameters for 
pavement evaluation: 

• Structural Attributes: Asphalt layer thickness
(La), base layer thickness (Lb), total pavement
thickness (Lt).

• Subgrade Properties: Maximum Dry Density
(MDD) and California Bearing Ratio (CBR),
indicate soil strength and load-bearing capacity.

• Environmental Conditions: Pavement surface
temperature (Ts) and ambient air temperature
(Ta) were recorded synchronously during
testing.

3.3 Laboratory Testing and Soil Analysis: 
Laboratory tests on subgrade characteristics, like 
CBR, were supported and run to obtain the strength 
of soils at standardized conditions. Soil samples 
obtained from test pits provide data for analysis of 
MDD, optimum moisture content, and dry density 
values important in assessing pavement stability. 

4 RESEARCH METHODOLOGY 

4.1 Introduction 
The goal of this study was to develop and evaluate 
predictive models for multiple output features related 
to pavement conditions using various regression 
techniques. The research methodology involved the 
following key steps: data preprocessing, model 
training, evaluation, and interpretation using SHAP 
(SHapley Additive exPlanations) analysis. The 
primary focus was on evaluating the performance of 
different machine learning models and analyzing 
overfitting indicators across training, validation, and 
test sets. 

4.2 Data Preprocessing 
The input features included 'Cracking(%)', 'PI', 'MDD, 
g/cc', 'CBR%', 'Bituminous layer Thickness, mm', 
'Granular layer Thickness, mm', and 'Pavement 
Temperature (°C)'. The output features were 'SCI', 
'BCI', 'BDI', 'AUPP', 'SF1', and 'SF2'. The dataset was 
split into training (70%), validation (15%), and test 
sets (15%) using stratified sampling to ensure 
consistent distribution of features across sets. Feature 
scaling was performed using Standard Scaler to 
standardize the input features. 

1. Load data from Excel/CSV file
2. Clean and standardize column names
3. Split data into input features (X) and output features

(y)
4. Split X and y into training, validation, and test sets
5. Scale features using StandardScaler

4.3 Model Training and Evaluation 
The study employed various regression techniques, 
including: 
Stacking Regressor, XGBoost, LightGBM, Gradient 
Boosting, Random Forest, Bagging, AdaBoost, 
CatBoost, Linear Regression. Each regression model 
was wrapped in Multi-Output-Regressor to handle 
multiple output features simultaneously. The models 
were trained using the training dataset. A 3-fold 
cross-validation was performed to evaluate the mean 
squared error (MSE) of each model. The models were 
evaluated on the validation and test sets using the 
following metrics: 

• Mean Squared Error (MSE)
• R-squared (R2)
• Mean Absolute Error (MAE)

Overfitting was assessed by calculating the difference 
in MSE, R2, and MAE between the validation and test 
sets. 



4.4 Visualization and SHAP Analysis 
Evaluation metrics and SHAP analysis results were 
visualized using matplotlib, and the plots were saved 
for further analysis. The residuals (difference 
between actual and predicted values) were analyzed 
using histograms to assess model accuracy. SHAP 
values were calculated to analyze the influence of 
each feature on the model's predictions. SHAP 
summary plots were then created to illustrate how 
these input features affected the predicted outcomes. 
Certain models like AdaBoost, Bagging, and Linear 
Regression were excluded from SHAP analysis due 
to their incompatibility with SHAP explainer 
functions. 

1. Plot overall evaluation metrics for all models
and output features

2. Create SHAP explainer
3. Calculate SHAP values for training set
4. Plot and save SHAP summary plots

5 RESULTS AND PERFORMANCE ANALYSIS 

The model's predictive performance was thoroughly 
assessed using essential metrics, including R², Root 
Mean Square Error (RMSE), Mean Squared Error 
(MSE), and Mean Absolute Error (MAE). The 
performance metrics of different models for the SCI 
target and BCI target are detailed in Table 2 and 
Table 3. K-fold cross-validation [3] confirmed the 
model's reliability and effectiveness as illustrated in 
Figure 1. as comparison among different models is 
shown. The value of K-fold cross-validation MSE of 
Stacking Regressor Model was found to be 0.0208 
while for other models like CatBoost Regressor, 
XGBoost Regressor, Random Forest, Gradient 
Boosting Regressor, LightGBM Regressor, Linear 
Regressor, AdaBoost Regressor, Bagging Regressor 

the values were found to be 0.0224, 0.0269, 
0.0233, 0.0208, 0.023, 0.0281, 0.0242, 0.0241 
respectively. 

Figure 1. K-Fold Cross Validation comparison for different 
models where values are plotted on bar graph. 

Table 2. Performance Metric Comparison for SCI 
Model Test MSE Test R2 Test MAE 
Stacking 
Regressor 0.0004 0.8055 0.0174 
XGBoost 0.0005 0.7624 0.0189 
LightGBM 0.0005 0.7775 0.0183 
Linear 
Regression 0.0012 0.4749 0.0242 
AdaBoost 0.0005 0.765 0.019 
CatBoost 0.0004 0.7982 0.0175 
Gradient 
Boosting 0.0005 0.7947 0.0178 

Random 
Forest 0.0005 0.7717 0.0185 
Bagging 0.0005 0.7551 0.0191 

Table 3. Performance Metric Comparison for BCI 
Model Test MSE Test R2 Test MAE 
Stacking 
Regressor 0.0001 0.7753 0.0066 
XGBoost 0.0001 0.7202 0.007 
LightGBM 0.0001 0.7514 0.0068 
Linear 
Regression 0.0002 0.3829 0.0093 
AdaBoost 0.0001 0.6902 0.0074 
CatBoost 0.0001 0.7702 0.0065 
Gradient 
Boosting 0.0001 0.7543 0.0067 

Random 
Forest 0.0001 0.7387 0.007 
Bagging 0.0001 0.7136 0.0073 

5.1 Metric Analysis for Stack Regressor Model 
Mean Squared Error (MSE): Ranking of 
predictive accuracy: 'BCI (0.0001)' < 'BDI (0.0003)' 
< 'SCI (0.0004)' < 'SF1 (0.0074)' < 'AUPP (0.0093)' < 
'SF2 (0.1348)'. 
R² (Coefficient of Determination): Scores: 'SF2 
(0.4618)' < 'SF1 (0.5545)' < 'AUPP (0.5976)' < 'BDI 
(0.6737)' < 'BCI (0.7753)' < 'SCI (0.8055)'. 
Mean Absolute Error (MAE): Error hierarchy: 
'BCI (0.0066)' < 'BDI (0.0129)' < 'SCI (0.0174)' < 
'SF1 (0.0684)' < 'AUPP (0.0765)' < 'SF2 (0.2849)'. 

1. Define models:
• Stacking Regressor (XGBoost, CatBoost,

Linear Regression)
• XGBoost
• LightGBM
• Gradient Boosting
• Random Forest
• Bagging Regressor
• AdaBoost
• Linear Regression
• CatBoost

2. Train model on training data (X_train_scaled,
y_train)

3. Predict on test data (X_test_scaled)
4. Evaluate using Mean Squared Error (MSE) and

R^2 score
5. Calculate overfitting indicators (difference

between validation and test metrics)
6. Perform 3-fold cross-validation to calculate

average MSE



5.2 Analysis of Overfitting Indicators of Stack 
Regressor Model 

MSE for Overfitting Indicator: 'SF2' < 'AUPP' < 
'SF1' < 'SCI' < 'BCI' < 'BDI' refer Table 4. for values. 
R² for Overfitting Indicator: 'BDI' < 'BCI' < 'SCI' 
< 'AUPP' < 'SF1' < 'SF2' refer Table 4. for values. 
MAE for Overfitting Indicator: 'SF2' < 'SF1' < 
'AUPP' < 'SCI' < 'BCI' < 'BDI' refer Table 4. for 
values. 

Table 4. Overall Performance Metrices for all Models 

Model 
Overfitting 
Indicator 
(MSE) 

Overfitting 
Indicator 
(R2) 

Overfitting 
Indicator 
(MAE) 

Stacking 
Regressor -6.10E-03 0.0033 -0.0089
XGBoost -5.70E-03 -0.0169 -0.0052
LightGBM -6.10E-03 0.0017 -0.008
Linear 
Regression -9.70E-03 0.0648 -0.0127
AdaBoost -7.20E-03 0.0221 -0.0108
CatBoost -4.70E-03 -0.0179 -0.0049
Gradient 
Boosting -6.60E-03 0.0187 -0.0102

Random 
Forest -6.50E-03 -0.0038 -0.0068
Bagging -8.00E-03 0.0066 -0.0091

5.3 SHAP Analysis for Stack Regressor Model 
The SHAP analysis results, illustrated in Figure 2 
shows: 

• Cracking (%): Significant impact; high values
push model output positively.

• Pavement Temperature (°C): Higher 
temperatures increase model output. 

• CBR% and MDD (g/cc): Both positively
affect the model output.

• Plasticity Index (PI): Neutral effect on
predictions.

Bituminous and Granular Layer Thickness: 
Bituminous has a negative impact, granular has a 
positive impact. 

Figure 2. SHAP Values Plot for Stack Regressor Model. 

6 CONCLUSION 

The stack regression model outperforms several 

other models in evaluating asphalt pavement, 
including Gradient Boosting Regressor, Random 
Forest Regressor, Bagging Regressor, AdaBoost 
Regressor, Linear Regression, CatBoost Regressor, 
XGBoost Regressor, and LightGBM Regressor. The 
stack regression model demonstrates superior 
predictive accuracy and model fit by consistently 
achieving lower Mean Squared Error (MSE) and 
higher R-squared (R²) values. As from the results it 
can be seen that the K-Fold MSE for Stacking 
Regressor model is 0.0208 which is lowest among all 
hence generalized most for the unseen data. 
Additionally, the R² value was found to be 0.8055 and 
MSE was found to be 0.0004 for the SCI output of 
Stacking Regressor Model which clearly shows that it 
achieves highest accuracy and lowest error. 
Additionally, it exhibits lower overfitting indicators, 
highlighting its better generalization to unseen data. 
SHAP analysis showed that Cracking (%), Pavement 
Temperature (°C), and CBR% are most significant 
input features and they generally affect negatively to 
the model's predictions. In conclusion, this study 
highlights the Stack Regression model's superiority in 
predicting asphalt pavement conditions compared to 
other regression models. Future research should 
explore and refine ensemble approaches and feature 
engineering techniques to enhance predictive 
performance in this critical area. 
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1 INTRODUCTION 
Poor pavement structure (i.e., thinner layers and 
lower structural bearing capacity) and damaged junc-
tions between concrete slabs (i.e., wider joint with 
lower supporting modulus of concrete to dowel bar) 
would hasten the formation and expansion of voids 
beneath concrete slabs (Thomoglou et al., 2022, 
Zeng et al., 2009). Furthermore, the more severe 
voids beneath concrete slabs cause significant pave-
ment response (i.e., larger surface deflection and 
load stress) (Gu et al., 2011). Traditional voids pre-
diction approaches, such as empirical equations and 
linear regression, frequently perform poorly in com-
plex practical applications. These methods can pro-
vide good prediction performance of voids beneath 
concrete slabs in a specific research, but their appli-
cations in other research and practices are frequently 
unsatisfactory (Gu et al., 2011, Thomoglou et al., 
2022). And a single data source, a small amount of 
samples, only considering a small number of influ-
ential factors and backward prediction methods all 
contribute to this defect (Gu et al., 2011, Huang et 
al., 2012, Thomoglou et al., 2022, Xue et al., 2013, 
Zeng et al., 2009). 
Considering a mass of influential factors, neural 
network methods based on a large number of sam-
ples outperform other methods in the prediction of 
voids beneath concrete slabs (Wang and Li, 2019, 
Wang et al., 2016). The constructed models based on 
artificial intelligence algorithms have lots of practice 
in predicting the voids beneath concrete slabs utiliz-
ing analytic material derived from various deflection 
data, ground penetrating radar images, acoustic sig-
nals, and dynamic response data 
(Shanmugasundaram et al., 2022, Yin and Pan, 
2022). However, the single types of analytic materi-
als as inputs of ANN models result in poor applica-
bility of the predicted models. It is also difficult to 
obtain a large number of samples of the observed 

voids beneath concrete slabs in engineering practice 
(Thomoglou et al., 2022, Murotani et al., 
2019).There are a lot of factors that influence the 
voids beneath concrete slabs, however, not all of 
them are sensitive to the voids beneath concrete 
slabs (Huang et al., 2012). And it is challenging to 
select critical influencing factors and investigate the 
comprehensive relationship between voids beneath 
concrete slabs and significant influential factors (Gu 
et al., 2011, Huang et al., 2012, Xiao et al., 2010).  
The FEM method can provide a large number of 
samples under various scenarios for the ANN predic-
tion through previous investigations (Kumar et al., 
2022, Seguini et al., 2021). Therefore, based on the 
FEM analytic results, the objectives of this paper are 
to establish an ANN model to predict the voids be-
neath concrete slabs by taking the pavement struc-
ture, the joints between concrete slabs, and the 
pavement mechanical response as input parameters. 
The FEM-ANN prediction of voids beneath concrete 
slabs includes five parts: selecting input parameters, 
establishing the dataset based on the FEM method, 
constructing the hybrid prediction models, determin-
ing the prediction model with the best overall per-
formance through the cross-validation method, as 
well as analyzing the contribution of the factors af-
fecting prediction precision. 

2 METHODS 

2.1 Brief description of neural network models 
The BP neural network is a kind of multilayer feed-
forward neural network with input layers, middle 
layers, and output layers, which performs well in 
self-organizing learning from inputs and outputs 
(Ouladbrahim et al., 2022, Shariati et al., 2019). GA 
is a multiple-agent searching global optimization 
method utilized to find exact or approximate solu-
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tions to optimization problems (Ismail et al., 2013). 
GA seeks chromosomes that meet the optimization 
criteria by encoding data into chromosomes and ex-
changing information within chromosomes via 
screening, crossover, and iterative processes (Irani et 
al., 2011). It outperforms the traditional BP network 
in terms of accuracy and convergence speed (Tyagi 
and Panigrahi, 2017). Particle swarm optimization 
(PSO) is an algorithm inspired by the predation be-
havior of birds in nature (Mohamad et al., 2018). 
Each bird usually searches for food by following the 
one closest when the birds forage (Pannu et al., 
2018). The PSO algorithm constantly updates the 
speed and position of particles through the individu-
al information and global information between parti-
cles in the process of algorithm optimization, result-
ing in its easy precocity and slow convergence speed 
in the later stage (Ismail et al., 2013). The WOA al-
gorithm has strong global search capability in deal-
ing with continuous-time serious function optimiza-
tion (Kaushik et al., 2022a). The WOA imitates 
common whale hunting behaviors, such as surround-
ing prey, hunting, attacking prey, and other process-
es, to complete optimized searches (Kaushik et al., 
2022b). Similarly, the WOA algorithm has ad-
vantages in accuracy and convergence speed over the 
previous algorithm through super parameter optimi-
zation and spring lifting (Vijayanand and Devaraj, 
2020). The whale optimization algorithm typically 
contains three steps: surrounding the prey, hunting 
with a spiral bubble net, and seeking prey randomly 
(Pham et al., 2020). 

2.2 Parameter determination 
The condition of the pavement structure, particularly 
the base circumstance, is important for the appear-
ance and development of voids beneath concrete 
slabs. Thus, the structure parameters of surface layer 
and base (i.e., elastic modulus and thickness) are se-
lected as the input neurons of the ANN models in 
view of the pavement structure. Pavement mechani-
cal responses, especially the deflection responses, 
are sensitive to the variation of voids beneath con-
crete slabs (Mateos et al., 2020). Therefore, for the 
respective of pavement mechanical responses, the 
various deflections of loaded and unloaded concrete 
slabs in the critical location are chosen as the input 
parameters of the ANN models. Various parameters 
can be utilized to characterize voids beneath con-
crete slabs. Previous research indicated that the hori-
zontal shape of the voids is triangular, rectangular, 
and sectored at the corner of the slab (Tian et al., 
2010). The voids between the concrete slabs and the 
base are not clearly formed as a result of the loss of 
fine aggregate on the effect of water scour in the ear-
ly stage, and the base is not separated from the sur-
face layer until appearing serious voids damage 
(Miao, 2016). Overall, the voids horizontal area is 

chosen as the only output of the ANN models. The 
joint condition between concrete slabs is a key factor 
in the development of voids beneath concrete slabs. 
Thus, the voids FEM model under concrete slabs 
should consider the installation of joints between 
concrete slabs. In this paper, the theoretical spring 
method is appropriate for simulating the slab joint 
(Witczak and El-Basyouny, 2002). The joint stiff-
ness is the crucial aspect of the joint condition, and 
the supporting modulus of concrete to the dowel bar 
and the joint width are direct variables of the joint 
stiffness. Thus, the two factors would be selected as 
the input parameters for the BP optimized models in 
terms of the joint between concrete slabs. 

3 RESULTS 

3.1 Compasion of the optimization network 
algorithm 

Based on the following evaluation indexes in Figure 
1, it is seen that the WOA-BP model is the most ac-
curate model for estimating the voids beneath con-
crete slabs, with the RMSE  of 0.014, a MAPE  of 
2.699, a 2R  of 0.970, and a VAF  of 97.094. 
While the original BP model is the worst prediction 
model for the voids beneath concrete slabs, with the 
RMSE of 0.034, a MAPE of 5.034, a 2R of 
0.91, and a VAF of 91.459. In general, all the op-
timized ANN models have a 2R  of greater than 
0.93, indicating that these hybrid models have high 
predicted accuracy based on the reliable dataset of 
voids under concrete slabs. 

Figure 1. Correlation analysis of the predictive and actual value 
based on simple cross-validation. 

3.2 Comprehensive evaluation of prediction models 
This paper adopts a method to score and evaluate the 
stability of all the evaluation indexes for each model 
to compare the comprehensive performance of these 
optimization models. All normalized evaluation met-
rics need to be ordered and scored in this method. 
The cumulative scores of mean value and variance 
of all evaluation indices for four ANN models are 
depicted in Figure 2. The comprehensive conclu-
sions based on the K-fold cross-validation method 



are consistent with the preliminary results utilizing 
the simple cross-validation. It is found from Figure 2 
that the best comprehensive performance of all mod-
els is WOA-BP, and it has the highest score of 8 
than other BP algorithms. However, other two opti-
mization models with scores of 4.197 and 7.119 
have a better comprehensive effect than the tradi-
tional BP model. 

Figure 2. Comprehensive score graph for each model based on 
K-fold cross-validation method.

3.3 Sensitivity analysis 
According to the above research results, it is con-
cluded that the WOA optimized network model has 
the best comprehensive performance of all the BP 
network models. In order to validate the screening 
rationality of input parameters, this developed opti-
mized network model is utilized to analyze the sensi-
tivity of inputs on the void parameters. As shown in 
Figure 3, a tornado chart exhibits the sensitivity of 
the input indexes on the voids beneath concrete slabs 
for the WOA optimized model. It is found that the 
joint parameter ( jW ) and pavement mechanical re-
sponse parameters ( cL , meL , mL , ucL , ueL , and 

umL ) correlate well with the voids prediction and 
have a positive effect on vA . Nevertheless, the joint 
parameter ( dK ), and pavement structure parameters 
( sE , bE , sD , and bD ) are found to inversely pro-
portional to the void prediction output. 

Figure 3. Sensitivity of input metrics on the void outputs. 

4 CONCLUSIONS 

(a) The dataset of voids under concrete slabs con-
structed by the FEM results is of high quality and
dependability. Based on this, all of the optimized
ANN models have a 2R of greater than 0.93, which 
indicates that these hybrid models have high predic-
tive precision. 
(b) The prediction precision and stability of the four
constructed models, from highest to lowest, are the
WOA-BP model, the PSO-BP model, the GA-BP
model, and the traditional BP model. Among these
models, the WOA-BP model exhibits the best pre-
diction performance of the four ANN models.
(c) Sensitivity analysis results show that the joint pa-
rameter ( jW ) and pavement mechanical response pa-
rameters have a positive influence on the void pre-
diction. Nevertheless, the joint parameter ( dK ), and 
pavement structure parameters affect the voids out-
put inversely. 
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1 INTRODUCTION 

Digital twin technology has revolutionized infra-
structure management by enabling real-time moni-
toring and predictive maintenance through virtual 
replicas of physical systems, providing valuable in-
sights for optimizing asset performance (Saghat-
foroush et al., 2022). In pavement management, 
digital twins integrate data from IoT sensors, histori-
cal records, and predictive models to proactively ad-
dress damages, reducing costs and enhancing safety 
(Talaghat, 2024). However, the effectiveness of 
these systems depends on the quality and diversity 
of labeled datasets, which traditional methods fail to 
achieve due to data scarcity and generalization limi-
tations (Kumar, 2024;). To overcome this, diffusion-
based generative AI models offer a robust solution, 
generating diverse, high-quality synthetic images 
that enhance segmentation accuracy and support 
scalable, robust digital twin applications in pave-
ment management (Ho et al., 2020). 

2 LITERATURE REVIEW 

Several studies have highlighted the potential of dif-
fusion models to outperform GANs and VAEs in 
stability and image quality (Nichol & Dhariwal, 
2021). These capabilities enhance training datasets, 
improving the performance and generalization of 
machine learning models. Han et al. (2024) proposed 
CrackDiffusion, a two-stage framework that inte-
grates diffusion models with U-Net, achieving supe-
rior IoU scores on public datasets. Cano-Ortiz et al. 
(2024) introduced RoadPainter, a semantic diffusion 
model that significantly improved segmentation effi-

ciency by augmenting datasets with diverse synthet-
ic crack images. Additionally, Yan et al. (2024) 
demonstrated how integrating diffusion models with 
Transformer-in-Transformer algorithms enhanced 
road surface friction coefficient detection, improving 
accuracy. These studies exemplify the transforma-
tive potential of diffusion-based generative AI in 
creating scalable, effective solutions for digital twins 
and infrastructure monitoring (Xu et al. 2024). 

Generative AI in pavement distress detection and 
segmentation is underexplored, with challenges like 
data scarcity and computational complexity. Da-
tasets like Crack500 lack diversity, limiting model 
training for rare distress types (Zhang et al., 2020). 
Traditional generative models like GANs face insta-
bility (Goodfellow et al., 2014). Diffusion models 
offer a robust solution by generating high-quality 
synthetic images that improve data diversity and 
segmentation accuracy while reducing computation-
al demands (Shorten et al., 2019). This research ad-
dresses these gaps using DDPM to enhance dataset 
robustness and model scalability. 

3 OBJECTIVE AND SCOPE 

The primary objective of this study is to address the 
challenges of data scarcity and limited dataset diver-
sity in pavement distress detection and segmentation 
by leveraging diffusion-based generative AI for da-
taset augmentation. This approach aims to enhance 
the performance and generalizability of pavement 
distress segmentation models by developing a gen-
erative model to create synthetic images of pave-
ment distress. These images will augment existing 
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datasets, increasing their diversity and volume, thus 
improving model accuracy and robustness. Specifi-
cally, the study will evaluate models trained on both 
augmented and original datasets, assessing their 
generalization capabilities on unseen data. The re-
search uses the DDPM to generate high-quality syn-
thetic images, enhancing segmentation models like 
U-Net and DeepLab. Performance will be evaluated
through metrics such as Intersection over Union
(IoU), F1 Score, and pixel-level accuracy, ultimately
advancing scalable, effective solutions for pavement
distress detection and segmentation.

4 METHODOLOGY 

4.1 Dataset preparation 
The dataset preparation for this study involved char-
acterizing the Crack500 dataset and applying essen-
tial preprocessing techniques to ensure data quality. 
The Crack500 dataset includes various types of 
pavement distress, such as longitudinal, transverse, 
and alligator cracks, with annotations indicating the 
type and location of distress. Preprocessing steps in-
cluded resizing images for model compatibility, 
normalizing pixel values, adjusting contrast and 
brightness, and converting images to grayscale. Data 
cleaning removed low-quality or corrupted images, 
while histogram equalization and Gaussian blur 
were applied to enhance contrast and reduce noise, 
ensuring a consistent and high-quality dataset for ro-
bust model training. 

4.2 Diffusion Model Architecture 
The diffusion model architecture is central to gener-
ating high-quality synthetic images that augment ex-
isting datasets for pavement distress detection. Built 
on the DDPM, this architecture works by progres-
sively adding Gaussian noise to input images and 
then learning to reverse this process, gradually re-
storing the images to their original state. This itera-
tive denoising approach allows the model to gener-
ate highly realistic images closely resembling real-
world pavement distress conditions. The model uti-
lizes a U-net structure, which includes encoder-
decoder blocks and skip connections to retain fine 
spatial details during the downsampling and upsam-
pling stages. This ensures the preservation of crucial 
features, such as crack patterns and textures, which 
are essential for accurate segmentation. By enhanc-
ing dataset diversity and improving image quality, 
this model supports more robust training of pave-
ment distress segmentation models, ultimately im-
proving their performance and generalization. The 
effectiveness of the generated images is measured 
using metrics such as Structural Similarity Index 
(SSIM), Peak Signal-to-Noise Ratio (PSNR), and 
diversity score, confirming high image quality and 

variability, which boost model performance and 
generalization. 

4.3 Segmentation model framework 
This study uses two state-of-the-art segmentation 
models, U-Net (ResUNet with ResNet34 Backbone) 
and DeepLab (DeepLabV3+ with ResNet101 Back-
bone), to develop a robust pavement distress detec-
tion system. U-Net, with its encoder-decoder struc-
ture and skip connections, is effective for tasks 
requiring precise localization, while DeepLab em-
ploys atrous convolution and spatial pyramid pool-
ing to capture multi-scale context. Both models were 
configured with a uniform input size of 128x128 
pixels and trained using cross-entropy and Dice loss 
functions, optimized by the Adam optimizer. Per-
formance was evaluated using metrics such as IoU, 
F1 Score, pixel-level accuracy, and boundary preci-
sion, to assess the effectiveness of the models when 
trained on augmented datasets from diffusion mod-
els. These models aim to improve the robustness and 
accuracy of pavement distress segmentation. 

4.4 Comparative analysis framework 
The comparative analysis framework evaluates per-
formance improvements from integrating generative 
AI into pavement distress segmentation models. This 
involves pre- and post-generative AI performance 
benchmarking using metrics like IoU, F1 Score, and 
pixel-level accuracy, followed by statistical valida-
tion through paired t-tests, confidence intervals, and 
cross-validation. The baseline performance of U-Net 
and DeepLab was first assessed using the original 
Crack500 dataset (Including 250 segmented imag-
es), revealing model strengths such as U-Net's per-
formance on alligator cracks and DeepLab's robust-
ness under variable lighting. After augmenting the 
dataset with synthetic images generated by the diffu-
sion model, the models were retrained and reas-
sessed using the same performance metrics, with ad-
ditional metrics like diversity and realism scores to 
assess synthetic data quality. This framework 
demonstrates the effectiveness of generative AI in 
enhancing model performance and generalization. 

5 RESULTS 

5.1 Generated Image Characteristics 
The quality of synthetic images generated by the dif-
fusion model is vital for augmenting the dataset and 
enhancing model performance. The model progres-
sively reduces noise, starting with noisy images and 
refining them over time. By epoch 50, basic patterns 
emerge, with clearer structures by epoch 100. By 
epoch 150, detailed crack patterns begin to emerge, 
and by epoch 200, the generated images closely 



mimic real-world pavement distress, effectively cap-
turing its complexity and diversity. 

Figure 1 provides a visual comparison of original 
pavement distress images and synthetic images gen-
erated by the diffusion model. This side-by-side 
comparison illustrates how well the synthetic images 
replicate key visual features of real pavement cracks, 
including crack shape, width, alignment, and conti-
nuity. Additionally, the synthetic images introduce 
variability, which helps improve model robustness 
by capturing a wider range of crack patterns and dis-
tress types. 

Figure 1. Comparison of Real Distress and Synthetic Images 

The evaluation of these synthetic images was con-
ducted using several quantitative metrics to assess 
their quality and realism, as detailed in Table 1. 
These metrics are as follows: 

Table 1. Synthetic Image Diversity Metrics 
Metric Value Interpretation 

SSIM 0.92 High structural similarity to real-world images 

PSNR 32.5 dB Low-noise and high-quality synthetic images 

Diversity Score 0.85 High variability in crack types and patterns 

Realism Score 0.90 Realistic appearance matching real-world data 

These metrics confirm that the synthetic images 
maintain structural fidelity, add diversity, and close-
ly resemble real-world data, enhancing dataset quali-
ty and improving segmentation model performance. 

5.2 Segmentation performance metrics 
The performance of U-Net and DeepLab models was 
evaluated using several metrics before and after da-
taset augmentation with synthetic images. Table 6 
presents the performance improvements, including 
IoU, F1 Score, pixel-level accuracy, and boundary 
precision, with significant gains observed after aug-
mentation. Both models showed notable perfor-
mance enhancements with 1000 synthetic images, 
with IoU scores increasing by 8-9%, F1 Scores im-
proving by 8%, and pixel-level accuracy rising by 
4%. However, beyond 1000 augmented images, per-
formance declined, suggesting diminishing returns 
and potential overfitting. 

Table 2. Quantitative Results of Segmentation Models 
Metric IoU F1 

Score 
Pixel-
Level Ac-
curacy 

Bounda-
ry Preci-
sion 

Dice 
Coeffi-
cient 

U-Net (Original) 0.81 0.85 0.89 0.79 0.84 

U-Net (+50) 0.84 0.87 0.9 0.81 0.86 

U-Net (+150) 0.87 0.9 0.92 0.84 0.89 

U-Net (+250) 0.9 0.93 0.93 0.87 0.92 

U-Net (+1000) 0.93 0.95 0.95 0.9 0.94 

U-Net (+5000) 0.91 0.94 0.93 0.88 0.92 

DeepLab (Original) 0.84 0.87 0.91 0.81 0.87 

DeepLab (+50) 0.86 0.89 0.92 0.83 0.89 

DeepLab (+150) 0.89 0.92 0.94 0.86 0.92 

DeepLab (+250) 0.92 0.95 0.95 0.88 0.94 

DeepLab (+1000) 0.94 0.96 0.96 0.9 0.95 

DeepLab (+5000) 0.92 0.94 0.94 0.87 0.93 

Figure 2 demonstrates the improved training and 
validation curves for U-Net models trained with 
1000 synthetic images, showing faster convergence 
and reduced overfitting. 

Figure 2. Training and Validation Curve of U-Net Model 

Further validation on additional datasets (GAPs, 
DeepCrack, CrackSegNet, and CFD) showed that 
both models maintained strong generalization capa-
bilities, achieving high IoU, F1 Scores, and accuracy 
across different pavement distress types and condi-
tions (see Table 3). 

Table 3. Performance Models on Different Datasets 
Dataset Model IoU F1 

Score 

Pixel-Level 

Accuracy 

Bounda-

ry Preci-

sion 

Dice Co-

efficient 

GAPs U-Net 0.86 0.89 0.93 0.88 0.90 

DeepLab 0.88 0.91 0.94 0.90 0.92 

DeepCrack U-Net 0.85 0.88 0.92 0.87 0.89 

DeepLab 0.87 0.90 0.93 0.89 0.91 

CrackSeg-

Net 

U-Net 0.84 0.87 0.91 0.86 0.88 

DeepLab 0.86 0.89 0.92 0.88 0.90 

CFD U-Net 0.83 0.86 0.90 0.85 0.87 

DeepLab 0.85 0.88 0.91 0.87 0.89 

These findings demonstrate that the dataset augmen-
tation using synthetic images significantly improves 



segmentation performance and generalization, vali-
dating the effectiveness of the generative AI ap-
proach in enhancing pavement distress detection 
models. 

5.3 Performance enhancement areas 
The integration of synthetic images generated by the 
diffusion model led to significant improvements in 
pavement distress segmentation, focusing on accura-
cy, boundary precision, and generalization. 

Figure 3 shows a comparison of real images and 
predicted images from both original and augmented 
models, illustrating the enhanced accuracy and clari-
ty of crack segmentation with the augmented da-
taset. 

Figure 3. Comparison of Real Image with Predicted Using 
Original and Augmented Models 

 
Boundary precision improved from 0.79 to 0.9, 

enhancing crack boundary delineation and reducing 
false positives/negatives. The models' generalization 
also improved, with IoU rising from 0.73 to 0.85 on 
unseen data. The diffusion model required more re-
sources, taking 2 hours for training and 8 hours for 
inference with 1000 images. In comparison, the 
augmented U-Net and DeepLab models showed 
faster training and inference but demanded more 
computational power than their baseline versions. 

6 CONCLUSION 

This study highlights the impact of diffusion-based 
generative AI in enhancing pavement distress seg-
mentation. Synthetic images with high SSIM (0.92), 
diversity (0.85), and realism (0.90) led to significant 
performance gains. For U-Net, IoU improved from 
0.81 to 0.93, F1 Score from 0.85 to 0.95, and pixel-
level accuracy from 0.89 to 0.95. DeepLab saw simi-
lar improvements, with IoU rising from 0.84 to 0.94. 
Boundary precision improved by 9-11%, and gener-
alization on unseen data increased, with IoU rising 
from 0.73 to 0.85. Despite high computational de-
mands, the integration of synthetic data led to en-

hanced model performance and generalization. 
These findings offer valuable implications for infra-
structure maintenance, safety, and cost reduction, 
with potential for broader applications. Future re-
search should focus on real-time implementation, 
dataset expansion, and AI optimization. 
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1 INTRODUCTION 

Rheology of asphalt binders is the study of their 
flow and deformation behavior under various tem-
perature and loading conditions (Zhang, et al., 
2024). It is a crucial aspect of understanding the per-
formance characteristics of asphalt materials used in 
pavements. Asphalt binders exhibit viscoelastic 
properties, meaning they show both viscous (liquid-
like) and elastic (solid-like) responses depending on 
the temperature and rate of loading. At high temper-
atures, they behave more like viscous fluids, while at 
low temperatures, they act more like elastic solids. 
The rheological properties of asphalt binders directly 
influence the durability and performance of road 
pavements, impacting resistance to deformation (rut-
ting), cracking, and fatigue. Accurate rheological 
analysis helps in selecting and modifying binders to 
meet specific climatic and traffic demands, ensuring 
better long-term performance of asphalt pavements. 

Measuring the rheology of asphalt binders can be 
a time-consuming process due to the complex and 
detailed analyses required to fully characterize their 

viscoelastic behavior. Rheological testing often in-
volves conducting multiple assessments, such as dy-
namic shear rheometer (DSR) tests and bending 
beam rheometer (BBR) tests, across a range of tem-
peratures and loading frequencies. These tests are 
designed to simulate the real-world performance of 
asphalt binders under different traffic and climatic 
conditions, which requires precise sample prepara-
tion, conditioning, and repeated measurements to 
ensure reliability. Additionally, each test can take 
significant time due to the need for temperature 
equilibration, application of controlled stress or 
strain, and data collection. The time investment is 
necessary to capture the binder’s behavior over 
short-term (high traffic speed) and long-term (slow-
moving or stationary loads) performance. While 
these processes provide invaluable insights into the 
binder’s potential durability and suitability for spe-
cific applications, they require a considerable com-
mitment of time and resources (Wang, et al., 2022). 

The chemical properties of asphalt binders play a 
fundamental role in determining their rheological 
behavior and overall performance (Shan, et al., 
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2023). Asphalt binders are composed of complex 
mixtures of hydrocarbons, including asphaltenes, 
resins, saturates, and aromatics (Salehfard, et al., 
2024), each contributing differently to their physical 
characteristics. The balance between these chemical 
constituents influences the binder's response to tem-
perature changes and mechanical stress. For in-
stance, asphaltenes contribute to the stiffness and 
elasticity of the binder (Ilyin and Yadykova, 2024), 
while lighter fractions, such as saturates and aromat-
ics, provide fluidity and flexibility (Shan, et al., 
2024). The interactions between these components 
affect the viscoelastic nature of the binder, dictating 
how it responds to high temperatures (resisting rut-
ting) and low temperatures (resisting cracking). Un-
derstanding the chemical composition and interac-
tions within asphalt binders is essential for 
modifying their properties to achieve desired per-
formance characteristics, especially under varying 
traffic loads and environmental conditions. 

The application of machine learning (ML) to pre-
dict the rheology of asphalt binders using Fourier-
transform infrared (FTIR) spectroscopy represents a 
significant advancement in material characterization. 
FTIR spectroscopy provides detailed information 
about the chemical composition of asphalt binders 
by identifying functional groups and molecular 
structures. By leveraging machine learning algo-
rithms, researchers can analyze these complex spec-
tral data sets to establish correlations between chem-
ical properties and rheological behavior. This 
approach enables the development of predictive 
models that can forecast the performance of binders 
under various conditions without the need for exten-
sive and time-consuming physical testing. Machine 
learning enhances the efficiency and accuracy of 
predicting critical properties such as stiffness, elas-
ticity, and temperature susceptibility. As a result, 
this integration of advanced data analysis with 
chemical profiling aids in faster binder formulation, 
improved material selection, and optimized design 
of asphalt pavements to meet specific performance 
requirements. 

2 MATERIALS AND METHODS 

2.1 Materials 
The materials used in this research include 18 fresh 
asphalt binders. In order to improve the applicability 
of the model, these binders are provided by different 
suppliers with different penetrations.  

2.2 DSR tests 
In this research, the frequency sweep of asphalt 
binders is performed via a DSR machine. The fre-
quency is selected from 0.1 Hz to 20 Hz. The tests 
are carried out at three different temperature ranges: 

low-temperature ranges (-30 °C to 6 °C), mid-
temperature ranges (-4 °C to 40 °C), and high-
temperature ranges (28 °C to 76 °C). The corre-
sponding sample plate is 25 mm in diameter for high 
temperatures, 8 mm in diameter for medium temper-
atures, and 4 mm in diameter for low temperatures. 

2.3 FTIR tests 
The FTIR test was employed to measure the chemi-
cal composition of different asphalt binders. The 
measuring wave numbers are from 400 cm-1 to 4000 
cm-1. FTIR can identify chemical composition by
determining absorbance from input and transmitted
light. It also can quickly and non-destructively char-
acterize the chemical composition of materials.

2.4 Machine learning models 
Principal component analysis (PCA) is a method to 
reduce the dimensionality of the data. PCA can 
avoid the limitations of over-counting by finding a 
new coordinate system and reducing the dimension-
ality from n to k (k < n). 

Since the multiple linear regression (MLR) model 
has the advantage of simplicity and practicality, it is 
used in this paper to predict the rheological proper-
ties of asphalt binders. In this model, the number of 
independent variables is greater than or equal to two; 
hence, it is called multiple regression. In fact, the 
combination of numerous independent variables is 
more accurate and realistic than single variable pre-
diction (Hu, et al., 2015). 

Gaussian Process Regression (GPR) model is a 
more complex and powerful machine learning model 
that can be used to represent the distribution of the 
function. GPR can establish the model with infinite 
dimensions (Schulz, et al., 2018). Each input point is 
associated with a random variable, and their joint 
distribution can be modeled as multiple Gaussian 
distributions. This model is a non-parametric, 
Bayesian, supervised learning method (Schulz, et al., 
2018). 

3 RESULTS AND DISCUSSION 

3.1 Principal component analysis 
The difference in chemical bond areas can distin-
guish different binders in this research. Considering 
the contribution of all of these as input variables 
would make the calculation much more complex. 
PCA method is applied to reduce the dimensionality. 
It can be found that the dimensionality of binders 
from FTIR results is six, so the extracted original 
principal component number is six. The eigenvalues 
and cumulative variance, as shown in Fig. 1, can be 
generated after PCA analysis. A larger eigenvalue 
indicates that the principal component it represents 



has the largest contribution among all principal 
components. It can be observed that the first two 
principal components have the largest eigenvalues of 
3.03 and 1.24. The results of PCA can be considered 
acceptable when the cumulative variance of the 
principal components is greater than 60% 
(Margaritis, et al., 2020; Paranhos and Petter, 2013). 
The cumulative variance of the first two principal 
components in Fig. 2 is 71.97% (above 60%); there-
fore, PC 1 and PC 2 can represent all original fea-
tures of binders. It can be found that all original fea-
tures are positively correlated with the distribution 
of PC1, with the vibration of C-H and CH2 having 
the highest correlation and the vibration of S=O hav-
ing the lowest correlation. However, for PC 2, the 
vibration of S=O has the highest correlation, while 
C-H has the lowest value. The vibrations of S=O, 
CH3, and CH2 positively correlate with PC 2, and 
vibrations of C-H, CH2/CH3, and C=C/C=O have a 
negative correlation. 
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Figure 1. Variance and eigenvalue of each component. 
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Figure 2. Projection of the original features onto the PC sys-
tem. 
 

3.2 Development of prediction model 
3.2.1 Multiple linear regression 
MLR, as the simplest regression model, has the ad-
vantage of fast computation speed with low comput-
er configurations. Fig. 3 is the predicted modulus of 
binders through the MLR model. A total of 7200 da-
ta by simultaneously considering temperature and 
frequency. However, the model is unsatisfactory for 
modulus prediction, with the R2 of 0.5488 and 
0.5447 and RMSE of 11.12. Hence, it is necessary to 
apply a more advanced and powerful model to pre-
dict modulus. Fig. 4 is the δ results of the binders 
through the MLR model. The δ prediction is more 
accurate than the modulus. The R2 of the training and 
testing set is above 0.9, and small RMSE values in 
Fig. 4 reveal that the prediction of δ is reliable. 
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Figure 3. MLR model of |G*|. 
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Figure 4. MLR model of δ. 

 
3.2.2 Gaussian Process Regression 
Since MLR cannot provide sufficiently accurate 
prediction |G*|, a more advanced GPR model was 
introduced to achieve this purpose. Fig. 5 shows the 
GPR predictions of binders affected by temperature 



and frequency. It showed a promising correlation in 
Fig. 5. The R2 values are above 0.98, and the RMSE 
is 1.9370 in this model. Regarding δ, the GPR model 
also exhibited desirable results in Fig. 6. The pre-
dicted values in Fig. 6 are almost equal to the actual 
values; its R2 is above 0.98, and the RMSE value is 
3.1672. This indicates that the GPR model can 
achieve the purpose of predicting δ. 
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Figure 4. GPR model of |G*|. 
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Figure 5. MLR model of δ. 

 

4 CONCLUSIONS 

⚫ The original chemical features of binders can be 
reduced to two principal components.  

⚫ The multiple linear regression (MLR) model can 
predict the phase angle of binders but not the 
modulus.  

⚫ On the other hand, the Gaussian process regres-
sion (GPR) model enables the prediction of both 
modulus and phase angle. 

The neat asphalt binders in this work have the same 
type of chemical composition; only the concentra-

tion is different. Thus, in the next phase of this re-
search, it is recommended that the analysis and the 
prediction models be extended to modified asphalt 
binders (more chemical composition types), espe-
cially those with chemical modification. 
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7.3 
DEVELOPMENT OF DIGITAL TWINS 



1 INTRODUCTION 

Pavements are part of the critical infrastructure of a 
country, and fulfill the important task of providing 
connectivity as a medium for transport of people and 
goods. The suitable design of pavements is therefore 
crucial. In order to facilitate the design of such struc-
tures, techniques like the Finite Element Method 
(FEM) in a Lagrangian setting are typically used. 
When simulating the response of the pavement sub-
jected to a moving load, if these traditional tech-
niques are used, the associated domain of the pave-
ment that needs to be discretized is quite large, and 
therefore computationally inefficient. Additionally, 
restrictions are imposed on the mesh discretization 
when the vehicle load is accelerating or decelerating. 
Further, a moving load formulation is needed to 
simulate the movement of the vehicle on the pave-
ment. The speed of the vehicle also imposes re-
strictions on the time steps of the simulation. The re-
cent development proposed by (Anantheswar et al. 
2024a) utilizes the Arbitrary Lagrangian Eulerian 
(ALE) simulation strategy to improve computational 
efficiency. 

Traditionally, ALE simulation techniques are 
used in the field of fluid mechanics (Benson 1989, 
Venkatasubban 1995, Souli et al. 2000, Codina et al. 
2009, Basting et al. 2017). Another typical use-case 
of ALE strategy is as a mesh adaptation technique, 
to improve the mesh quality when extreme distor-
tions are encountered (Liu et al. 1986, Rodríguez-
Ferran et al. 1998, Bayoumi & Gadala 2004, Donea 
et al. 2004, Nazem et al. 2009, Berger & Kaliske 
2022). The pioneering work of (Nackenhorst 2004) 

described the use of the ALE methodology to im-
prove efficiency in analyses of rolling tire structures. 
Following this, (Wollny & Kaliske 2013, Wollny et 
al. 2016) implemented the ALE formulation for 
pavements considering constant velocity load 
movement. Recent developments by (Anantheswar 
et al. 2024a) extend the ALE formulation for pave-
ments to the dynamic case, and further to inelastic 
materials (Anantheswar et al. 2024b). This contribu-
tion highlights applying the dynamic ALE formula-
tion to multilayered inelastic pavements. 

2 THE MOVING ALE REFERENCE FRAME 

The central theme involved in adopting the dynamic 
ALE formulation for pavements is a change in the 
reference frame of the observer. Instead of a station-
ary reference frame as in the conventional Lagrangi-
an formulation, the reference frame moves with the 
vehicle load in the ALE formulation. An observer in 
this moving reference frame would perceive the load 
as stationary, while the material of the pavement 
would appear to flow beneath the load. The main 
advantage offered by this perspective is that only a 
relevant portion of the pavement in the vicinity of 
the moving vehicle load would need to be consid-
ered in the analyses. This is shown to significantly 
improve computational efficiency (Anantheswar et 
al. 2024a). A kinematic description of the various 
configurations involved when adopting the ALE 
formulation for pavements is shown in Figure 1. 
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 ABSTRACT: Pavements are typically long structures, and simulating their transient response when subjected 
to moving vehicle loads, using conventional techniques can be quite arduous. These techniques would neces-
sitate the discretization of the complete pavement that is along the path of the moving load. Thus, depending 
on the velocity of the vehicle, considerably large meshes would need to be employed and solved. In recent 
developments, a dynamic ALE formulation has been put forth to improve efficiency by only considering the 
relevant region of the pavement around the load. The work at hand further highlights the capabilities of the 
dynamic ALE formulation by applying the dynamic ALE formulation to multilayered inelastic pavements. 



 

 
 
Figure 1. Kinematics of the moving ALE reference frame. 

 
It should be noted that in Figure 1, for pavements, 

there is no rigid body displacements (translations or 
rotations) and so urig = 0. This implies that the initial 
configuration and the ALE reference configuration 
are the same. But, over time, the ALE reference 
frame ei

ALE travels with the same velocity as the ve-
hicle load. Thus, a new portion of the pavement ma-
terial in the vicinity of the load would be considered 
at each time step. The velocity with which the mate-
rial of the pavement appears to flow through the 
mesh (in a Finite Element framework) is termed 
‘guiding velocity’ (Nackenhorst 2004), given by 

 (1) 

where the positions and displacements of a material 
point in various configurations depicted in Figure 1, 
are related by 

 (2) 

Further, adhering to the balance of linear momen-
tum, the weak formulation in the ALE reference 
configuration can be expressed as 

 (3) 
where  is the density,  denotes the accelera-

tion,  refers to the second Piola-Kirchhoff stress, 
 refers to body forces,  denotes surface traction, 
 refers to an arbitrary test function, and  and  

are infinitesimal volume and area elements, respec-
tively, on domain  in the ALE reference config-
uration. In Equation 3, the terms on the left-hand 
side describe the internal forces developed in re-
sponse to the externally applied forces, which are on 
the right-hand side. Of particular interest is the first 
term in Equation 3, which refers to the inertial forc-
es. This term depends on the acceleration, which is 
defined as the material time derivative of the veloci-
ty field. One characteristic of the ALE approach is 
that whenever a material time derivative of a quanti-

ty  is encountered, advection effects need to be 
considered. For pavements, where the advection ve-
locity is known, this is described as  

 (4) 

Thus, according to Equation 4, the velocity and 
acceleration fields need to be advected through the 
mesh. This results in additional terms that need to be 
considered during the linearization and implementa-
tion into a finite element framework (Anantheswar 
et al. 2024a). Additionally, since the displacement 
field at any given time step depends on the dis-
placement field at the previous time step, a suitable 
update of the displacement field also needs to be car-
ried out.  

Moreover, when inelastic material models are 
used, evolution of inelastic effects (like viscosity, 
plasticity etc.) are typically expressed as rate equa-
tions of certain internal variables . Therefore, ad-
vection of such internal variables also needs to be 
accounted for, using 

 (5) 

The advection procedure for internal variables is as 
per the Gauss point sub-mesh interpolation tech-
nique (DGPA) from the work of (Anantheswar et al. 
2024b). This technique utilizes an operator split to 
first solve for internal variables in the Lagrangian 
phase. Then, interpolation and update of the internal 
variables in a sub-mesh of Gauss points takes place 
during the Eulerian phase. This procedure is per-
formed after every iteration in the global Newton-
Raphson solution scheme. 

When multiple inelastic materials are used (as in 
the case of pavements, see Figure 2), advection of 
the internal variables of each layer should be treated 
separately. For the DGPA scheme, this means that 
each material layer gets its own sub-mesh of Gauss 
points, where the interpolation and update procedure 
is carried out. This ensures that the advection proce-
dure does not transfer internal variables of one mate-
rial to another. The extension of the DGPA scheme 
to allow for multiple materials is the novelty of the 
work at hand. Figure 2 illustrates the use of separate 
Gauss point sub-meshes for advection of internal 
variables in each layer of the pavement, for a simple 
mesh in two dimensions. 

3 NUMERICAL STUDY 

In this study, a four layered asphalt pavement with 
similar structure as in Figure 2 is analyzed. The non-
linear viscoelastic material described in (Anan-
theswar et al. 2024b) with one viscous branch is 
used to model each of the layers. 
 



 

 
 
Figure 2. Separate Gauss point sub-meshes for each material, 
to accurately perform advection of internal variables. 
 

The material parameters of the layers are listed in 
Table 1. The mesh and loading are depicted in Fig-
ure 3. The geometry of the specimen is a cuboid 8 m 
x 8 m x 3 m along x-, y- and z-directions, respective-
ly. The boundary conditions are such that all surfac-
es except the top surface are restrained from transla-
tion in the direction normal to the surface. In the 
analysis, the transient response of the pavement 
when subjected to a moving truck tire load is simu-
lated. The load is initially applied as a ramp over a 
period of 1 s. Then, it is maintained at this constant 
amplitude for the rest of the simulation. A guiding 
velocity is applied such that the load appears to ac-
celerate from 0 m/s to 16.667 m/s (60 km/h) starting 
at 2 s, over a period of 2 s. Then, this velocity is 
maintained until 10 s. The guiding velocity is, then, 
ramped down such that the load appears to deceler-
ate to 0 m/s over a period of 1.2 s. It is then main-
tained at 0 m/s for the rest of the simulation, ending 
at total time of 12.5 s. The Newmark time integra-
tion scheme (Newmark 1959) with a time step of 0.1 
s and linear eight node brick type finite elements are 
used in the simulation. 
 
Table 1.  Material properties used in the simulation. ______________________________________________ 
Layer   Elastic branch              Viscous branch       __________________        ____________ _ 
                                  κ*          µ*           µv*          ηv* 
     kg/m3     MPa      MPa     MPa  Ns/m2 ______________________________________________ 
Asphalt   2.3E+3   822.50   200.00    179.62    1.0E+8 
Base course 2.2E+3   175.83     40.00      31.15    1.0E+8 
Sub-base   2.0E+3   105.50     24.00      18.69    1.0E+8 
Subsoil   1.9E+3     60.83     14.00      14.08    1.0E+8 ______________________________________________ 
*  κ: Bulk modulus, µ: Shear modulus, µv: Shear modulus of 
viscous branch, ηv: Viscous parameter. 
  

The thickness of the subsoil layer is 2 m, the sub-
base course is 0.4 m, and both the base course and 
the asphalt layer on top have thicknesses of 0.3 m 
each. 

 
 
 

 
 
Figure 3. (a) Perspective view of the mesh and (b) top view 
(close-up) of the loaded area in the centre of the mesh. 

 
The mesh used has 10192 finite elements, and the 

simulation took approximately 4.12 hours to run on 
a desktop computer with an Intel Core i5 10400 pro-
cessor and 32 GB of RAM. The obtained results in 
terms of the displacements at the centre of load be-
tween the two tires are shown in Figure 4. Contours 
of the strain component ezz are depicted in Figure 5, 
at various time points in the simulation. 

 
 
 

 
 
Figure 4. Displacement component uz of the central node under 
the load plotted against time. 

 
The results shown in Figures 4, 5 clearly demon-
strate the capability of the dynamic ALE framework 
to simulate the transient response of inelastic multi-
layered pavement structures in a computationally ef-
ficient manner. It is worth mentioning, that if a cor-
responding simulation was run using conventional 
techniques, it would necessitate the discretization of 
a domain of length 154.67 m. With the ALE ap-
proach, this length is reduced to just 8 m, making the 
simulation possible on a desktop computer, even 
without parallelization. Further, the conventional 
techniques would necessitate the implementation of 
a cumbersome moving load formulation. This im-
poses further restrictions on the time step size and 



discretization used in the conventional simulation, as 
a sufficiently fine mesh would be required to ensure 
that the load is applied on the nodes in synchronicity 
with its movement as well. The need to discretize a 
large domain, along with restrictions imposed on 
time step and fineness of the mesh, are overcome us-
ing the dynamic ALE formulation. This formulation 
offers a substantial improvement to computational 
performance, when simulating the transient response 
of inelastic multilayered pavement structures. 

 
 
 

 
 
Figure 5. Contour plots of strain component ezz at various stag-
es in the simulation. 

 
Future research towards improving the perfor-

mance of the ALE formulation could be in the direc-
tion of utilizing model order reduction techniques or 
through parallelization. This is relevant in applica-
tion cases such as in digital twins, which require fast 
and efficient calculations. These tools would indubi-
tably lead to improved and informed decisions by 
engineers and policy makers alike. 
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1 INTRODUCTION  

Finite element analysis (FEA) comprises many pow-
erful tools and methods to simulate the impact of 
static as well as dynamic loading conditions on a 
structure to numerically estimate its stress and strain 
condition under various circumstances such as dam-
ages, or repairs as in (Chen et al., 2020). When con-
ducting structural analyses of road pavements, there 
are several deciding factors that limit the realism of 
a simulation. One important factor is providing the 
analysis with a high-quality mesh, that represents the 
real shape of the pavement. The manual creation of 
the mesh model can be time consuming and may 
lead to oversimplification of the pavement surface. 
This in turn can affect the simulation results. While 
the definition of material models for tire and pave-
ment material as well as the mechanical behavior of 
layer interfaces are most important to describe the 
mechanical system, the loading condition is largely 
affected by the tire pavement contact patch (Király 
et al., 2022). However, the shape of the contact  

 
patch can range between an idealized perfectly flat 
surface and the realistic surface with a degree of ini-
tial deformation. For certain analyses, the increase in 
computation time and complexity is overweight by 
the increase in accuracy, especially since it allows 
better insights into stress concentration develop-
ment, which influences the occurrence of rutting as 
stated in (Zhang et al., 2023). High-resolution 3D 
point clouds are capable of capturing surface defor-
mations, directly from the real asset. Therefore, we 
present a novel approach to automatically generate a 
mesh model of the deformed pavement surface for 
FEA simulations in this work.  

2 RELATED WORKS 

This section presents previous studies using 3D 
point cloud data for structural analysis and pavement 
monitoring. Point clouds were used for a range of 
target areas such as tunnels, bridges and also pave-
ment models. In (Cui et al., 2023) the authors used a 
mobile laser scanning point cloud to reconstruct a 
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 ABSTRACT: For Digital Twins of roads a major use case is pavement distress prediction. One requirement 
for accurate simulations is a detailed pavement model as a foundation for finite element analysis. This model 
has to represent the as-is state of the road as closely as possible. This work presents a novel approach for 3D 
point cloud to pavement mesh generation for structural analysis applications. We evaluate our method on 
point clouds from different reality capture sources with varying densities and accuracies to showcase its ro-
bustness and provide insight into the possible detail of a derivable mesh using aerial platforms. Our approach 
can derive both structured and unstructured meshes for use in finite element simulations of the pavement.  

Figure 1: Overview of the road pavement meshing workflow 



tunnel surface and generate a FE mesh model. By 
comparing the model generated using a Computer-
Aided Design (CAD) tunnel model and the point 
cloud-based model, they demonstrated that the point 
cloud model led to more realistic results. Another 
area of application comprises heritage structures 
such as (Alfio et al., 2022), where the Colossus of 
Barletta was reconstructed using photogrammetry 
and based on the generated mesh a FEM simulation 
was conducted. (Dong et al., 2021) used a laser tex-
ture scanner (LTS) to capture the macro-texture 
(wavelengths between 0.5 mm to 50 mm) of asphalt 
mixture surfaces and developed a novel approach to 
detect and remove errors in the resulting texture 
point cloud. Although a mobile laser scanner (MLS) 
as used in our work is barely capable of capturing 
the macro-texture of a surface, it can easily acquire 
the mega-texture (wavelengths between 50 mm to 
0.5 m) such as rutting or even the presence of road 
markings. Additionally, the slopes and curvatures of 
the road pavement are captured, directly influencing 
the loading direction of a tire on the road.  

3 METHODOLOGY 

The target environment for our approach was 
chosen to be a highway section of the German A544 
highway section near the city of Aachen. We cap-
tured the area with a Riegl miniVux-4UAV laser 
scanner (UAV LS) and with a DGI Mavic drone to 
create a photogrammetric point cloud (UAV PG) in 
2024. Furthermore, the open geoportal of North 
Rhine Westfalia provides airborne laser scanning 
(ALS) and airborne photogrammetry (APG) point 
clouds of the same area captured in 2023 and 2020 
respectively. The different data sources allow for 
validation of our workflow on data with different 
resolutions ranging from 10 points per m² in the 
APG data to 800 points per m² in our UAV-PG data, 
which are all collected using the same spatial refer-
ence system (SRS) ETRS89/UTM32N. Figure 1 il-
lustrates the schematic process of our approach. 
 

Our approach consists of four steps:  
1. Point cloud horizontal cropping, point cloud 

transformation and cleaning 
2. Scanline slicing and pavement surface line 

fitting 
3. Pavement surface boundary definition and 

extraction 
4. Mesh generation  

3.1 Point cloud horizontal cropping  
First, we define a polygon of four georeferenced 
points to crop each of the four point clouds 
((298564.0225 5631141.2653, 298535.7874 
5631107.0155, 298608.3062 5631047.2320, 

298636.5414 5631081.4818) to the region of inter-
est. Next, we use open data of the road network pro-
vided by “opengeoportal.nrw” as ESRI shapefiles to 
extract the approximate local road axis, which we 
then use to transform the point clouds in a way that 
the driving direction faces the x-axis. Then, we lo-
calize the point cloud, to allow easier handling and 
manipulation. After cropping and transformation, a 
DBSCAN clustering algorithm is used to filter and 
remove the above ground points resulting in point 
clouds of the ground surface.  

3.2 Scanline slicing and pavement line fitting 
Since the processed point cloud of the ground sur-
face still extends over the actual road pavement, we 
implement a slicing and line fitting algorithm, which 
slices the point cloud along the road axis into slices 
with an adjustable thickness chosen to be 30 cm. We 
separate the left and right carriageway by cropping 
left and right sided points using the centerline, to ob-
tain two point clouds with a single pavement surface 
respectively. A line is fitted to the YZ-projection of 
each side per slice, representing the road cross-
section at the slice position. For line fitting, we em-
ploy a constrained RANSAC algorithm defining a 
maximum and minimum side slope angle of 5 de-
grees and an inlier threshold of the respective point 
cloud accuracies ranging from 2 cm to 8 cm. The al-
gorithm outputs the best fitting line for each slice as 
well as the inlier points close to the line. Pavement 
surface boundary definition and extraction 
To define the continuous boundary of the road 
pavement, we combine all starting points and all end 
points of the lines fit to the slices and compute the 
average distance to the centerline, which is then 
translated to represent the left and right edge of the 
pavement. We decided to use the fixed centerline as 
boundary, since using start and end points directly 
would result in inconsistent edges, that may affect 
the mesh generation step. Having defined the 
boundary polygon of the pavement, the point cloud 
is once again cropped to retrieve a point cloud of the 
pavement surface per carriageway.  

Figure 2. Cropped pavement surface point (top left: UAV 
LS, top right: UAV PG, bottom left: ALS, bottom right: APG 



3.3 Mesh generation 
For generating a mesh model for FEM simulation, 
we implement two approaches. The first approach 
generates an unstructured mesh directly from the 
point cloud while the second approach generates a 
structured mesh and uses the point cloud to adjust 
the node positions.  

For unstructured mesh generation, we use voxel 
down sampling to minimize potential face intersec-
tions induced by close points with largely differing 
heights. We interpolate points onto the 2D boundary 
polygon defined in the previous step to ensure the 
generated surface has a sharp edge and elevate the 
new points by conducting a k-nearest neighborhood 
search on the point cloud with k=1 and assign the 
height of the closest point in the point cloud to the 
polygon points’ height coordinate (z) before concat-
enating the surface points and the boundary points. 

We then use 2D Delaunay triangulation to first 
generate faces for the pavement surface. We con-
strain the face properties with conditions of maxi-
mum edge ratio, maximum face area and maximum 
angle between face normal and the vertical axis to 
iteratively re-mesh and remove vertices creating dis-
torted faces. This process represents a smoothing 
operation that converges and stops as soon as a 
steady state is reached where no vertices are re-
moved after applying the constraints.  

In a last step, the 2D surface is extruded vertically 
to form a volume mesh with the top surface being 
deformed by the mesh nodes elevations while the 
bottom surface stays flat. The extrusion length can 
be adjusted arbitrarily to fit the desired layer thick-
nesses of the subgrade layers and after the first ex-
trusion, this step can be repeated to add more layers 
to the mesh. 

For the generation of structured meshes, we first 
initialize an irregular grid, by interpolating new 
points onto the boundary curves of the polygon 
boundary and then interpolate the points on the 
curves over the polygon area to form a grid follow-
ing the road center axis’ curvature, with arbitrary 
resolution. Since the points are regularly distributed 
over the area of interest, we can directly form rec-
tangular faces over the 2D surface. Next, we extrude 
the 2D surface vertically similarly to the unstruc-
tured mesh (section 3.4.1) to form a volume. Then, 
we use K-nearest neighborhood search to deform the 
top surface nodes. Choosing higher values for k and 
using the average height of the closest point results 
in a smoothing operation for the top surface. 

4 RESULTS 

By evaluating our workflow on all four different 
point cloud sources we could validate its applicabil-
ity for different point cloud densities.  

Though several parameters have to be adjusted for 
each point cloud to create a usable mesh, these pa-
rameters could potentially be directly adjusted by 
properties derivable from the input point cloud such 
as their surface density. Figure 2 shows the extracted 
points clouds of the pavement surfaces after step 
three of the workflow. It can be noted that during the 
survey in 2024 the left carriageway was under con-
struction, showing a temporary soil ramp. For the 
present intermediate results, we therefore focused on 
the right carriageway.  

The following parameters need to be adjusted ac-
cording to the point cloud source in our workflow:  

1. DBSCAN radius epsilon for point cloud 
cleaning (removing above ground points) 

2. Scanline slicing distance to define the thick-
ness of each slice 

3. Line inlier threshold has to be defined for line 
fitting (according to point cloud accuracy) 

 
Depending on the target road, there are several 

other parameters that may affect computation time 
and accuracy of the fitting process.  

1. Number of iterations for RANSAC line fitting  
2. Maximum side slope of the road  
3. Maximum road width to constraint the 

boundary definition  
 
For meshing, there are respective parameters that 

may have to be optimized. For structured mesh gen-
eration:  

1. Grid resolution needs to be specified in both 
directions (driving direction and orthogonal 
direction)  

2. Number of neighbors K for height interpola-
tion of nodes (smoothing) 

 
Finally, for the unstructured meshing the follow-

ing parameters have to be tuned:  
1. Voxel size for point cloud sub-sampling 
2. Interpolation density of boundary points  
3. Iterative Delaunay constraints:  

a. Maximum edge ratio 
b. Maximum face angle 
c. Maximum face area 

 
Unfortunately, the UAV LS data, was affected by 

high drift of the drone platform during the survey re-
sulting in low vertical accuracy of the point cloud 
which can also be seen in the resulting mesh. A 
comparison of the meshing for all point cloud 
sources with 5 cm grid resolution is depicted in Fig-
ure 3. The best results were generated using the 
UAV PG point cloud, where in the mesh even the 
height difference between road markings and pave-
ment can be identified. We exported the meshes into 
STL format and tested their usability in a simple 
SIMSCALE project. The structured meshes were di-
rectly usable, while the unstructured meshes con-



tained erroneous faces requiring a remeshing with a 
CAD software.  

5 CONCLUSION 

In this contribution, we implemented a first ap-
proach for point cloud to pavement mesh model 
generation (Scan2FEM) for high fidelity finite ele-
ment analysis of pavements. Though introducing 
several tunable parameters into the workflow, we 
still largely reduced the effort of mesh generation, 
since the road extraction and reorientation step are 
fully automated leveraging widely available geospa-
tial data. We showed that our approach is applicable 
to different point cloud sources. In future work, we 

aim at evaluating the impact of surface deformations 
in different resolutions on the simulation results of 
tire pavement interaction analysis as in (Anan-
theswar et al., 2024). Additionally, we aim to extend 
our workflow to more special cases as presented on 
the left carriageway of our example.  

Determining the specific requirements of an opti-
mal pavement model, will enable us to deliver opti-
mal meshes for a structural analysis Digital Twin 
use case (Crampen and Blankenbach, 2023), that 
maximize the accuracy of simulations and therefore 
improve the quality of decision making. 
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1 INTRODUCTION 

Fast, efficient simulations are crucial in technologies 
such as digital shadows or twins. These allow realistic 
predictions that are also accurate, therefore enabling 
governing authorities to take quick, meaningful and 
impactful decisions based on sound and structured 
logic. Particularly for pavement structures subject to 
moving wheel loads, the Arbitrary Lagrangian Eu-
lerian methodology has been proven to be far more 
efficient than conventional simulation techniques 
(Wollny et al. 2016, Anantheswar et al. 2024). How-
ever, this methodology is still incapable of real-time 
simulations, and a further speedup is necessary. In 
this work, the application of Model Order Reduction 
(MOR) techniques to ALE simulations of the pave-
ment structure is explored, to reduce the computa-
tional effort even further. 

2 ALE FORMULATION 

The concept that is at the core of ALE simulations of 
pavements is the adoption of a moving reference 
frame, see Figure 1. 
This moving reference frame conveniently shows the 
same velocity as the applied wheel load. Thus, to an 
observer in this moving reference frame, the load 
would appear stationary, and the material of the pave-
ment would appear to flow under the load. The main 
advantage of this ALE technique is that only the rele-
vant region of the pavement in the immediate vicinity 
of the load needs to be discretized and simulated. This 
is in contrast to conventional simulation techniques, 

where the entire structure in the path of the wheel load 
would need to be discretized and analyzed. For a de-
tailed description of the implementation of the ALE 
formulation, the reader may refer to the work of (An-
antheswar et al. 2024).  
 

Figure 1. Moving reference frame in ALE simulations. 
 
One interesting aspect of the ALE formulation is that 
it does not change the overall structure of the global 
system of equations in a nonlinear finite element 
framework. This means that the system can still be 
assembled into the well-known system of equations 
that has to be solved in every iteration of the solution 
scheme 

𝑴 Δ�̈� + 𝑫 Δ�̇� + 𝑲𝑇 Δ𝒖 = 𝒈, (1) 

where M, D and KT refer to the global mass, damping 
and tangential stiffness matrices, respectively, and 
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Δü, Δu̇, Δu and g denote the assembled incremental 
nodal vectors of acceleration, velocity, displacement 
and the residual vector, respectively. The Newmark-
beta method is used for the time-integration, which 
results in the system of equations 

𝑲𝑇,𝑑𝑦𝑛 Δ𝒖 = 𝒈, (2) 

with the (n × n)-dimensional dynamic tangential stiff-
ness matrix KT,dyn. With the global system of equa-
tions in this standard structure, it is possible to apply 
MOR techniques in a relatively simple and straight-
forward manner.  

3 POD-BASED MOR 

In this contribution, the proper orthogonal decompo-
sition (POD) method is applied to the problem at hand 
according to (Radermacher & Reese 2013) and 
(Kehls et al. 2023). The POD is a projection-based 
technique for reduced order modeling. In the follow-
ing, the POD will be shortly explained for the present 
case. For a more detailed description of POD and pro-
jection-based MOR in general, the reader is kindly re-
ferred to the work of (Benner et al. 2015) and (Schil-
ders 2008). For the problem described in Equation 2, 
it is assumed that an (n × m)-dimensional projection 
matrix Φ can be found, such that the Galerkin projec-
tion of Equation 2 leads to the reduced system of 
equations  

𝜱𝑇𝑲𝑇,𝑑𝑦𝑛𝜱 Δ𝒖𝑟𝑒𝑑 = 𝜱𝑇𝒈. (3) 

After the solution has been computed in the reduced 
subspace, the (m)-dimensional reduced solution vec-
tor Δured can be projected to the (n)-dimensional full 
solution space by the relation ΔU = Φ Δured. If m << 
n, solving the system of equations in the reduced sub-
space is much faster than solving it in the full solution 
space, leading to a significant reduction in computa-
tion time. 

To construct the projection matrix Φ, solution vec-
tors ui are sampled in precomputations and collected 
in the so-called snapshot matrix D = [u1 u2 … ul]. The 
sampled solution vectors can be e.g. time-series solu-
tions from a precomputation but also solutions from 
simulations with varying material parameters or in the 
case of ALE varying material flow velocities. A sin-
gular value decomposition is then applied to the snap-
shot matrix such that D = V Σ WT. The matrices V and 
WT contain the left and right singular vectors and the 
matrix Σ contains the decreasing singular values on 
its diagonal. Each singular value Σii corresponds to a 
singular vector vi and indicates its importance for the 
reconstruction of the snapshot matrix D. The number 
of POD modes vi that leads to a good approximation 
of sampled snapshots can, therefore, be derived from 
the decay of the singular values. At last, the projection 
matrix is truncated at the specified index m such that 
the projection matrix is defined as Φ = [v1 v2 … vm]. 

4 NUMERICAL EXAMPLE 

To test the proposed methodology, both methods pre-
sented above are implemented into the finite element 
research software FEAP (Taylor 2014) and a numeri-
cal example is computed and analyzed. The example 
is based on (Anantheswar et al. 2024) and uses the 
same material described therein. The boundary value 
problem is depicted in Figure 2. The structure is fixed 
on all sides and on the bottom and the distributed load 
p is applied in the center of the upper surface. The 
ALE material guiding velocity is denoted by w. The 
structure is simulated for t = 12.5 s with time 
increments of Δt = 0.1 s. At the beginning of the 
simulation, the load is increased linearly until the 
desired value P = 200 MPa is reached at t = 1 s and 
held constant thereafter. The guiding velocity starts 
increasing linearly after t = 2 s and reaches its 
maximum value at t = 4 s. It is then constant until t = 
10 s, after which it linearly decreases until the 
material stops ‘flowing’ through the mesh at t = 11.2 
s. Due to the time discretization, one precomputation 
yields 125 solution states that are used to construct 
the snapshot matrix and, therefore, the projection ma-
trix. For the first investigation, only one precomputa-
tion is conducted where the material guiding velocity 
is chosen as w = 25 m/s. The influence of the number 
of POD modes m is then investigated by running the 
simulation with the same guiding velocity but an in-
creasing number of modes. 

 

 
Figure 2. Geometry and boundary conditions of the example. 

 
Figure 3. Comparison of the displacement uz,center over time t for 
reduced order models with an increasing number of modes m. 
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In Figure 3, the results of the investigation are shown 
by plotting the displacement in z-direction in the cen-
ter of the upper surface of the structure over the time 
t. It can be seen that with m = 10 POD modes, the 
displacements are very far from the reference solution 
of the full order model (FOM). Increasing the number 
of modes, the curves get closer to the reference solu-
tion. Using m = 40 or more modes in the ROMs, the 
curves show good agreement with the reference. To 
illustrate this relation, the average error as well as the 
simulation time ratio of the ROMs over the whole 
simulation are shown in Figure 4. The error is defined 
as  

𝜖 =
1

𝑛𝑡
∑

𝑢𝑧,𝑐𝑒𝑛𝑡𝑒𝑟,𝑝𝑟𝑒𝑐
𝑖 −𝑢𝑧,𝑐𝑒𝑛𝑡𝑒𝑟,𝑃𝑂𝐷

𝑖

𝑢𝑧,𝑐𝑒𝑛𝑡𝑒𝑟,𝑝𝑟𝑒𝑐
𝑖

𝑛𝑡
𝑖=1  (3) 

where uz,center,prec and uz,center,POD describe the displace-
ment in the center of the upper surface of the full or-
der precomputation and the POD-reduced simulation, 
respectively. nt describes the number of total 
timesteps. The simulation time ratio is calculated as 

𝜏 =
TPOD

T𝐹𝑂𝑀
, (3) 

where T denotes the CPU time a FOM or a POD-re-
duced simulation took. It can be seen that with m = 40 
and more POD modes the error is about 1 % and ap-
proximately 80 % of simulation time is saved. 

Until now, the ROM only reconstructed the results 
that are contained in the snapshots. To investigate the 
predictive qualities of the proposed approach, the 
same snapshot matrix as before is used, but the guid-
ing velocity is changed to w = 20 m/s and w = 30 m/s, 
respectively. Figure 5 shows the results of the reduced 
order simulation (m = 60) as well as the results of a 
FOM with the same guiding velocities to test the ac-
curacy of the ROMs. It can be seen that even though 
the ROMs are used to predict unseen cases, the qual-
itative behavior of the structure is captured nicely. Es-
pecially the minima and maxima approximated by the 
ROMs are well aligned with the corresponding refer-
ence result. Looking at the overall agreement of the 
displacement field in z-direction in  

 

 
Figure 4. Relative error and simulation time ratio of the reduced 
order models. 

 
Figure 5. Reduced order simulation for different guiding veloc-
ities. All ROMs are created only with the snapshots from the full 
order ALE simulation with guiding velocity w = 25 m/s and m = 
60 POD modes are used. 
 

 
Figure 6. Comparison of the displacement field uz of the full or-
der model and reduced order model with a guiding velocity of w 
= 20 m/s and m = 60 POD modes at time t = 5.0 s. 
 

 
Figure 7. Comparison of the displacement field uz of the full or-
der model and reduced order model with a guiding velocity of w 
= 20 m/s and m = 60 POD modes at time t = 12.5 s. 
 
Figures 6 and 7, it is seen that the displacements in 
the center of the structure are approximated with high 
accuracy, while the displacements behind the region, 
where the load is applied, show some inaccuracies. 
Lastly, it is investigated whether the accuracy of the 
ROM can be increased by using more snapshots. 
Therefore, the snapshots of the full order simulations 
with guiding velocities w = 20 m/s and w = 30 m/s are 
used to construct the snapshot matrix and a reduced 
order simulation with guiding velocity w = 25 m/s is 



carried out to check the accuracy. The results of this 
study are shown in Figure 8, and it is seen that the 
ROM based on the two simulations has better agree-
ment with the reference solution than the ROM based 
on the single simulation that it is reconstructing. It 
should be noted that both ROMs used the same num-
ber of POD modes (m = 60).  
 

 
Figure 8. Comparison of two ROMs created from different snap-
shot matrices for a guiding velocity of w = 25 m/s. One ROM is 
created by taking the snapshots from the full order simulation 
with w = 25 m/s, whereas the other one is created by taking the 
snapshots from full order simulations with w = 20 m/s and w = 
30 m/s. 

5 CONCLUSION  

In this work, an approach to accelerate simulations of 
road structures is presented. To this end, POD is ap-
plied to a problem which has been defined in the ALE 
framework. It was investigated whether this method-
ology can reduce the simulation time, while maintain-
ing high accuracy. The results of a numerical example 
show that the structural response of the full order sim-
ulation can be approximated by the ROM with mini-
mal error of about 1 % whilst saving about 80 % of 
simulation time. It is also shown that the ROM can be 
used to predict unseen behavior although this shows 
slightly higher errors. Lastly it is shown that the snap-
shot creation process plays an important role in creat-
ing a performant ROM. In future works it will be in-
vestigated whether the approach can be developed 
further to obtain higher accuracy. For example, a 
more sophisticated snapshot sampling approach 
could already improve the ROM significantly 
(Phalippou et al. 2020). It might also be worthwhile 
to use clustering approaches on a structural level to 
approximate the structural behavior in certain regions 
better (Díez et al. 2021). Another important aspect is 
the extension to hyper-reduction, where the number 
of element evaluations is reduced, saving more com-
putation time, see e.g. (Farhat et al. 2014, Hernandez 
et al. 2017). Here, one major challenge will be the hy-
per-reduction of simulations including inelastic mate-

rials, as the inelastic evolution of the material is com-
monly modeled by internal history variables. When 
the material is ‘flowing’ through the mesh, so do the 
internal variables corresponding to an integration 
point. If only some elements are then evaluated, the 
material history is lost or incorrect when it ‘flows’ 
though an element that is not evaluated. 
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1 INTRODUCTION 

Digital twins become the main trend for modeling 
any physical system/process. More and more domains 
adhere to this concept because of its advantages. Es-
tablishing real-time sensor dataflow, coupled with 
corresponding digital models, i.e., physical → digital 
connection, is usually referenced in the literature as 
digital shadow engineering (Kritzinger et al. 2018). 
Digital shadows already improve modeling perfor-
mance and efficiency, especially for predictive 
maintenance and optimization tasks. The next stage 
of modeling immersion is digital twin engineering – 
designing the impact of digital counterpart’s model-
ing results on the corresponding physical entity, 
i.e., digital → physical connection. Usually imple-
mented in the form of decision-making, this connec-
tion is crucial for self-adaptation algorithms, allowing 
even better modeling quality.  

This paper aims to introduce a concept of drone 
inspection as a decision-making response to damage 
detection within a digital twin of the road system. In 
this domain, the digital twin is a driver for predictive 
maintenance algorithms and improved tire-road sim-
ulations. In the presented use case, the damage detec-
tion is conducted by comparing the results of deflec-
tion measurements on the real road (physical twin), 
which could be conducted e.g. via the MESAS truck 
of BASt, to appropriate simulation results via models 
within the digital twin based on the current road struc-
ture. The difference between measurement and simu-
lation results that exceeds the defined threshold indi-
cates a potential damage and triggers additional drone 
inspection as a digital twin decision-making response. 

2 DIGITAL TWIN USE CASE:  
DAMAGE DETECTION  
FOR PREDICTIVE MAINTENANCE 

The basis for a predictive maintenance of roads is to 
gather its current state regularly and to observe in-
creasing damage. For this purpose, different strate-
gies exist. A permanent observation requires many 
sensors distributed over the road and is currently not 
available on standard roads. A frequent observation 
via mobile measuring devices, e.g., MESAS, is an al-
ready existing alternative. Thereby, MESAS provides 
among others a deflection measurement of the road 
surface at defined loading conditions: tire type, tire 
load and velocity are known, which is important to set 
up corresponding simulation models. The deflection 
measurements (sensor data) are input to the digital 
twin. Within the digital twin, the expected deflection 
can be simulated via models depending e.g. on the 
road construction, the current temperature state and 
the loading conditions. A difference between simula-
tion and measurement that exceeds defined bounds 
indicates potential damage at the corresponding posi-
tion and necessitates further inspection, e.g., via 
drones. 

2.1 Digital twin architecture 

Digital twin engineering significantly differs for var-
ious domains. The main factors that should be consid-
ered when designing a digital twin architecture are 
simulation performance, scale, and accuracy (Negri et 
al. 2017). For the use case presented, the digital twin 
requires multi-scale modeling for different road parts 
while the whole system remains vast.  
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Simulation accuracy remains variable depending on 
demands – whether it is long-term approximate pre-
dictions or accurate road state representation. Moreo-
ver, in real-world conditions, simulations are usually 
not static. Taking an example of simulating vehicle-
tire-pavement interaction for a moving vehicle, it is 
evident that, when a vehicle travels for a long dis-
tance, conditions will change many times during the 
trip. Weather conditions and road structures (e.g., as-
phalt, concrete) may change multiple times, requiring 
an adaptive modeling approach and appropriate digi-
tal twin architecture. Preliminary work (Prokopets et 
al. 2023) discussed the architecture based on a single 
underlying model principle. The focus of this archi-
tecture is to provide the capability to update model 
parameters/model itself based on specific conditions, 
i.e., context-aware simulations. This architecture is 
basis for the research described in this paper. 

3 CONCEPT 

This section provides a brief introduction to the pro-
posed concept. Figure 1 shows hardware and software 
(denoted with file icon) parts and five general work-
flows: DC - Data Collection, DG - Data Generation, 
CAS - Context-aware Simulations, DSR - Data Stor-
age and Representation, and DI - Drone Inspection. 
The index that follows workflow abbreviation indi-
cates the step number in the order of execution. DC 
and DG workflows are commonly exclusive and ded-
icated to be used in different scenarios. 

3.1 Hardware part 

Drones suit inspection tasks because they can access 
hard-to-reach areas, reduce human risk, and improve 
inspection efficiency (Cabianca et al. 2022). Drones 

can cover most of the visual inspection tasks, includ-
ing thermal inspection. Usually, a drone represents a 
ground/aerial platform capable of mounting addi-
tional sensors, e.g., cameras, microphones, LIDARs, 
RADARs, thermal cameras, radio transceivers, etc. 
This allows to use the drone as a universal tool for 
point, area, and route inspections. Copters are well 
suited for inspection tasks because they do not need a 
prepared runway and can hover over the point to 
make steady shots. 

Drone hangars such as DJI Dock and Matternet 
provide a weatherproof shelter for quadcopters with 
wireless charging capability. Integrating these hang-
ars allows the achievement of autonomous drone fleet 
management capabilities with higher efficiency in 
terms of lower downtime between operations and 
flexible scalability options. For the digital twin of the 
road system, utilizing drone hangars as a part of a 
roadside unit (RU) is considered – an intelligent 
transportation system component that connects vehi-
cles and road infrastructure objects. Every RU can 
have various drone hangars depending on demands, 
forming a hub for serving assigned areas. 

3.2 Software part 

3.2.1 General architecture 
Previously designed software architecture (Prokopets 
et al. 2023) is used for the current research. High-
level components of this architecture form a two-
layer structure with control and application layers. 
The control layer consists of a message broker (bus) 
that handles data streams between physical and digital 
counterparts, a twinning management component for 
data collection and prediction, and a context-aware 
simulation manager for performing variability man-
agement during simulation. The application layer is 

Figure 1. Concept of applying drone inspection for digital twin of the road system. 
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presented with various simulation models that are 
called depending on the respective request. 

3.2.2 Auxiliary components 
To achieve better simulation results and perform a 
what-if analysis, auxiliary models are required. For 
example, a weather forecast cannot be represented us-
ing sensor data only – an appropriate weather model 
is required. Moreover, usage of traffic management 
and geography models is crucial for the accuracy of 
the simulations in the digital twin of road systems. 
Therefore, the application layer is extended with 
these models. 

The user interface is implemented as a dashboard 
for real-time state representation of the digital twin. 
The Dash Plotly Python library is used because of its 
easy integration capabilities and wide range of ac-
companying modules for plotting and working with 
map and visualization toolkit (VTK) objects. Com-
munication with digital twin components is done via 
callbacks – dedicated functions triggered at specific 
conditions, such as user actions, inner state, or time. 

Adhering to drone inspection, an appropriate 
drone behavior model that represents its dynamic 
properties (such as velocity, acceleration, and power 
consumption) is required. Path planning, including 
inspection type (point, area, route), is risky without 
considering this model. The model should be individ-
ually configured for every vehicle. Moreover, self-
adaptability is vital to achieving better mission range 
and duration. 

3.3 Workflows 

3.3.1 Physical – digital connection 
To keep the digital twin updated over the lifetime of 
the road, data from the real road (e.g., sensor data) are 
required frequently. Thereby the frequency and the 
kind of the required data depends strongly on the in-
tended use case and application of the digital twin. 
For the damage detection proposed here, data on the 
thermal conditions (e.g., data from weather stations 
and temperature sensors) and data of the deflection 
measurement including the measured displacement as 
well as the loading conditions (tire type, load, driving 
velocity) is required along the inspected road section 
(DC-1). For predictive maintenance simulations, step 
DC-1 will be replaced with DG-1. All collected/gen-
erated data can be stored (DSR-1) and represented via
the user interface (DSR-2). Thereby, digital twin soft-
ware and backends do not need to be built from
scratch for each application. The FIWARE platform
e.g., offers a curated collection of open-source soft-
ware components that can be integrated with third-
party tools to accelerate the development of smart so-
lutions across domains. It enables the modeling and
deployment of digital twins, such as a digital twin of

a road, incorporating structural data, various sensors 
and computational models (Hildebrandt et al. 2024). 

3.3.2 Context-aware simulations within the digital 
twin of the road system 

To simulate the deflection of the road realistically, fi-
nite element simulations of the layered pavement 
structure can be conducted. Required inputs are geo-
metric data of the investigated road (layers, materials) 
e.g., from geometric-semantic models or a database
within the digital twin (CAS-1). To consider the tem-
perature dependent behavior of pavements, a thermal
simulation is conducted first that considers the meas-
ured weather conditions and temperatures to get the
current temperature field inside the pavement struc-
ture. Thereby, due to changing conditions along the
road (sunny/shaded areas, local rain, different road
constructions), the temperature field changes along
the road; thus, for each section, a separate thermal
model is required (CAS-2). Then, the mechanical fi-
nite element models are called for each section that
simulate the displacement field of the road subjected
to the rolling tire considering the temperature depend-
ent material properties e.g., of asphalt. Depending on
the driving condition (steady state or dynamic rolling)
different simulation models are available (Wollny et
al. 2016, Anantheswar et al. 2024) and called (CAS-
3). To save computational time, model order reduc-
tion (MOR) can be applied to speed up the simula-
tions (Zhang et al. 2024). The simulated deflection is
compared to the measured deflection (CAS-4). A sig-
nificant deviation between both values indicates a po-
tential damage (e.g., crack propagation).

3.3.3 Digital – physical connection 
Decision-making is used as a response action to sim-
ulation results.  Based on the results of CAS-4, drone 
inspection should be performed for a position if the 
difference is too high. Thus, an optimal path from the 
closest RU to the warning location should be built, 
followed by an inspection type definition. The result 
is a waypoint mission – a set of points in format lati-
tude, longitude, and altitude, together with camera 
gimbal angles for inspection points. Any triggering 
event, like a deflection measurement warning, road 
user complaints, etc., triggers the creation of a warn-
ing object, displayed as an exclamation mark sign on 
the dashboard's map. This object contains meta infor-
mation such as location and a short description. The 
closest RU adds this warning to its pool (DI-1). The 
drone hub management generates the inspection task 
in the form of a waypoint mission described above 
(DI-2). As a result, an image dataset for defined areas 
is collected along with drone telemetry (DI-3). The 
latter is helpful for self-adaptation to improve the 
mission planning in the future. The collected data is 
assigned to the warning objects and can be displayed 
in the dashboard (DSR-2). A damage detection algo-
rithm is planned to be used to identify damaged parts. 



4 PROOF OF CONCEPT 

4.1 Synthetic benchmark 

As a first step towards concept evaluation, a synthetic 
benchmark representing the highway system between 
Dresden and Leipzig is created. A road user may ap-
pear at an arbitrary connection point with other roads 
and then lead towards another connection point. A 
simulation of road structure temperature distribution 
and deformation under load is handled individually 
for every vehicle. Simulation results can be accessed 
via the dashboard. A measuring laboratory is a vehi-
cle capable of measuring deflection. At the current 
state, the measuring results are artificially generated. 
Roadside units are placed along the highway approx-
imately every 10th kilometer. The supplementary 
video describes the main components of a user inter-
face and an exemplary use case scenario simulation 
(https://tud.link/eyua5p). Traffic management, road-
side unit, and environmental condition modules can 
be configured using JSON files, making testing dif-
ferent simulation scenarios possible. 

4.2 Small-scale experiment setup 

In addition to the synthetic benchmark, small-scale 
experiments using DJI Mini 3 drone and Raspberry 
Pi-driven Waveshare rovers are currently being pre-
pared. Another Raspberry Pi with connected weather 
sensors will play the role of the roadside sensor by 
gathering sensor data and sending it to the roadside 
unit node. The main-node PC will represent the DT 
computation node and execute simulation models, 
generate inspection tasks for assigned drones, store 
data, and display it using the interactive dashboard. 

4.3 Limitations 

The proposed concept of drone inspection has several 
limitations that need to be discussed in this paper. 
One limitation is operational safety. Flying routes 
should be planned to avoid legal regulation viola-
tions, driver distraction, and collisions with road ob-
jects. Another limitation comes from the type and size 
of drones used for inspection. Usually, inspection 
drones are small for safety reasons and because of the 
requirements to have the ability to fly in narrow 
spaces. All this leads to operating range limitations 
and vulnerability to bad weather conditions. Thus, in-
spection tasks for large areas require a risk assess-
ment for every operation and a dense RU network or 
mobile drone hubs as an infrastructure.  

5 CONCLUSION 

The concept of autonomous drone inspection as a dig-
ital twin response to simulation results is promising. 

A vast network of RUs equipped with drone hubs al-
lows for gathering road state information much faster 
and cheaper than traditional inspections. Existing 
drone image processing software, such as WebODM, 
enables the generation of maps, point clouds, digital 
elevation models, and 3D models from aerial images. 
Representation of this data using an interactive dash-
board allows road maintainers to better visualize the 
current road state and plan predictive maintenance.  

Future research should address the current limita-
tions, i.e., scalability, safety, and cost-efficiency. 
Swarming drones increase the flexibility of their us-
age, which helps to reach these targets. Defining 
adaptive image processing for perspective (from 
ground drones) and orthogonal (from aerial drones) 
images is another topic for future work. 
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1 INTRODUCTION 

1.1  Road DT Advancements 
Digital Twin (DT) technology creates dynamic digi-
tal replicas of physical systems, evolving to include 
IoT and machine learning (Tao et al., 2019). DTs are 
crucial in manufacturing and Industry 4.0, linking 
design and execution (Uhlemann et al., 2017), and in 
construction, often paired with Building Information 
Modeling (BIM) (Aengenvoort & Krämer, 2018; 
Borrmann et al., 2018; Arup, 2019). 
DTs can significantly advance road infrastructure 
management by enhancing efficiency and effective-
ness. Key benefits include: 
• Real-Time Monitoring: Using IoT for continuous 

asset monitoring (Tang et al., 2023). 
• Condition Assessment: AI-driven analysis for ac-

curate evaluations (Wang et al., 2023). 
• Advanced Modeling: BIM integration for detailed 

virtual models (D’Amico et al., 2022). 
• Proactive Maintenance: Predictive analytics to an-

ticipate issues (Callcut et al., 2021). 
• Simulation and Scenario Analysis: Virtual testing 

environments (Martínez et al., 2022). 
• Decision Support: Data-driven insights for strate-

gic planning (Consilvio et al., 2023). 

DTs offer transformative opportunities in road 
maintenance, reducing costs and improving condi-
tions (Vieira et al., 2022; Talaghat et al., 2024). 

1.2 New methods of data collection in DT 
Data collection methods for pavement condition in-
clude sensors like radars, laser scanners, cameras, 
and UAVs (Coenen & Golroo, 2017). Smartphones 
are useful for crowdsourced data collection (Staniek, 
2021). Techniques include image-based methods, 
point cloud imaging, and vibration-based methods 
(Sholevar et al., 2022). Automated data collection 
vehicles, such as Road Surface Profilers (RSP), use 
lasers and cameras to estimate the International 
Roughness Index (IRI) (Fahmani et al., 2024). 

Autonomous Vehicles (AVs) offer a cost-effective 
approach to data collection, reducing operational 
costs and providing comprehensive coverage. AVs 
monitor pavement conditions in real-time, aiding in 
Maintenance and Rehabilitation (M&R) decisions. 
Equipped with sensors, AVs collect extensive real-
time data, enhancing traffic flow, optimizing rout-
ing, and improving safety. AVs can also collect data 
from other infrastructures, helping prioritize M&R 
activities (Vieira et al., 2022; Martínez et al., 2022). 

Challenges include user data privacy, real-time 
data transmission, and automotive industry regula-
tions. Despite these, AVs can revolutionize transpor-
tation infrastructure management (Vieira et al., 
2022; Martínez et al., 2022). 

1.3 AI in Road DT maintenance planning 
Despite advancements in road pavement DT 
teSchnology, there's a need to improve AI utilization 
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for better decision-making. DT maturity levels in-
clude digital model, digital shadow, and digital twin, 
with the next level being cognitive DT, which inte-
grates AI. AI applications in road pavement man-
agement include: 
• Pavement Distress Detection: AI algorithms detect 

and classify defects, improving inspection effi-
ciency (Sierra et al., 2022). 

• Pavement Performance Development: AI devel-
ops predictive models for pavement deterioration 
(Yu et al., 2020). 

• Pavement Maintenance Planning: AI prioritizes 
maintenance tasks, optimizing routines and re-
ducing costs (Consilvio et al., 2023). 
Integrating AI into DT frameworks can revolu-

tionize pavement management, creating more sus-
tainable and resilient networks. This paper presents a 
framework for cognitive DT, focusing on AI-based 
data-driven maintenance planning, optimal data ac-
quisition, and enhancing conventional DTs with AI. 

To summarize, integrating AI into road pavement 
Digital Twin (DT) maintenance planning can revolu-
tionize pavement management, creating more sus-
tainable and resilient transportation networks. This 
paper presents a framework for cognitive DT, focus-
ing on AI-based data-driven maintenance planning 
and optimal data acquisition systems. The main ob-
jectives are: 
• Provide a conceptual design of cognitive road DT 

for maintenance planning. 
• Explore AI applications in optimal road mainte-

nance planning. 
• Scrutinize automated data collection tools for 

pavement condition data. 
• Enhance conventional DTs with AI for improved 

maintenance planning. 

2 ROAD DT CONCEPTS AND 
FRAMEWORK 

2.1 Conceptual design of road pavement DT 
Figure 1 illustrates the conceptual design of the cog-
nitive DT for road pavement. This system integrates 
sensors, vehicles, and cloud-based analytics to create 
a comprehensive digital representation of road 
pavements. 

Figure 1. Concept of road pavement DT 
 

Autonomous Vehicles (AVs) equipped with sensors 
like LiDAR, cameras, radar, GPS, and V2X com-
munication gather real-time pavement conditions, 
traffic flow, and environmental factors. Embedded 
sensors within the pavement structure at critical 
points provide continuous, localized data on struc-
tural integrity and environmental influences.  

Automated data collection vehicles using Ground 
Penetrating Radar (GPR), Falling Weight Deflec-
tometer (FWD), and laser scanners offer high-
resolution insights into pavement thickness and sub-
surface conditions. Maintenance and Repair (M&R) 
service vehicles ensure consistent monitoring and 
assessment during and after maintenance actions. 
This integrated approach ensures a detailed and dy-
namic understanding of road pavement conditions. 

2.2 Framework of cognitive DT for road pavement 
Figure 2 illustrates the cognitive DT framework for 
road pavement, consisting of four layers: 

Figure 2. Framework of road pavement DT 
 

1- Physical Layer: Continuously monitors pavement 
conditions using various instruments. Crowdsourced 
inputs from AVs, connected AVs, probe vehicles, 
and service cars collect pavement images or point 
clouds for distress detection and feed into BIM. 
Roadside sensors gather data on stress, strain, traffic 
volumes, temperature, and moisture. M&R vehicles 
acquire pavement images or point clouds for distress 
detection. Automated data collection vehicles 
equipped with RSP, FWD, GPR, and laser scanners 
collect data on IRI, rut depth, surface texture, and 
subsurface characteristics. 

2- Communication Layer: Supports data transmis-
sion and storage, including edge storage and compu-
ting for rapid data processing, seamless data transi-
tion protocols for efficient transfer, and scalable 
cloud storage and computing for advanced analytics 
and long-term data management. 

3- Demonstration Layer: Creates digital represen-
tations for visualization and simulation. BIM and 
digital models depict road geometry and material 
properties. Digital shadows mirror real-time pave-
ment conditions using synthetic and sampled real 
dynamic data streams. Digital twins combine real-



time data with predictive modeling to simulate fu-
ture scenarios and assess potential outcomes. 

4- Service Layer: Provides services to road users 
and agencies, leveraging collected data and digital 
representations to optimize road pavement manage-
ment strategies. It includes AI algorithms for data 
analysis and prediction, pavement evaluations to as-
sess current conditions and prioritize maintenance 
efforts, DT models to guide decision-making pro-
cesses, optimized M&R practices through simulation 
and scenario analysis, and proactive maintenance 
planning for real-time feedback and enhanced road 
safety. 
By integrating these layers, the cognitive DT 
framework offers a comprehensive approach to road 
infrastructure management, enabling informed deci-
sion-making, proactive maintenance strategies, and 
optimized resource allocation to improve road per-
formance and safety. 

3 CASE STUDY 

The case study focuses on a 3-kilometer section of 
the Räyskälän kantatie motorway (KT54/3/300-
KT54/3/3300) in Loppi, Finland, as shown in Figure 
3. This road connects Hollola, Riihimäki, and Tam-
mela, serving as an alternative route from Lahti to 
Turku. The selected section includes bridges and 
tunnels, with an average daily traffic of 15,000 vehi-
cles, including many heavy goods vehicles. The re-
gion experiences cold winters and mild summers, 
making it an ideal testbed for the DT framework.  

Figure 3. Selected section of Räyskälän motorway. 
 
Data collection involves multiple methods. 
Crowdsourced georeferenced data from AVs and 
probe vehicles monitor road surface conditions, traf-
fic flow, and identify potential congestion points. 
Roadside and embedded sensors measure tempera-
ture, moisture, strain, and load, providing continuous 
data on pavement integrity. Automated data collec-
tion vehicles, such as Road Surface Profilers, use 
technologies like GPR and FWD to assess pavement 
thickness and subsurface conditions. M&R vehicles, 
equipped with advanced sensors, collect high-
resolution images, LiDAR data, and pavement pro-
files before and after maintenance actions. This 
comprehensive approach ensures detailed monitor-
ing and assessment of road pavement conditions, en-

abling informed decision-making and optimized 
maintenance strategies. 

To create a digital representation of the section, 
Autodesk InfraWorks software integrates various da-
ta sources, including crowdsourced data, sensor data, 
and imagery. This generates a detailed BIM model 
of the 3-kilometer motorway section, incorporating 
geometric details, material properties, and environ-
mental factors. The BIM model serves as a DT of 
the physical motorway, providing a dynamic and 
constantly updated virtual counterpart. It enables en-
gineers and maintenance teams to visualize the mo-
torway's current state, simulate maintenance scenar-
ios, and assess potential impacts on traffic flow and 
pavement performance. 
The dataset, comprising sensor and vehicle data 
along with BIM model information, is analyzed us-
ing advanced AI algorithms. These algorithms detect 
and classify pavement distress types, such as cracks 
and potholes, improving inspection efficiency and 
accuracy. Predictive analytics forecast pavement de-
terioration and optimize maintenance planning by 
analyzing historical and current data, along with en-
vironmental parameters. This proactive approach al-
lows maintenance teams to schedule interventions 
before defects become critical, reducing reactive re-
pairs and extending pavement lifespan. AI-driven 
analyses also prioritize maintenance tasks based on 
defect severity and impact, ensuring safety and 
smooth traffic flow. 

Figure 4 presents a detailed visualization of the 
DT model for the selected section. This model pro-
vides a comprehensive overview of pavement condi-
tions using the PCI and the IRI. The PCI, ranging 
from 100 (Excellent) to 0 (Failed), indicates the se-
verity and density of pavement distress, while the 
IRI measures ride quality. Each pavement section is 
color-coded from green (Excellent) to red (Poor) for 
easy interpretation, allowing quick assessment of the 
overall condition. Warmer colors like yellow and or-
ange highlight sections needing attention, with red 
indicating critical areas requiring immediate mainte-
nance. 

Figure 4. DT of the selected section. 
 

The DT model also incorporates real-time data on 
temperature, humidity, strain, and stress, superim-



posed on the pavement model. Blue represents tem-
perature and humidity data, which influence pave-
ment performance and maintenance strategies. Yel-
low indicates strain and stress data from embedded 
sensors, showing structural integrity. Higher strain 
and stress values may signal potential weaknesses. 

Users can interactively explore the pavement con-
dition and associated parameters, with each section 
linked to detailed information, including historical 
data, maintenance records, and predicted deteriora-
tion rates. This interactive functionality aids in-
formed decision-making, allowing maintenance 
teams to prioritize interventions and optimize repair 
strategies. By integrating real-time data and ad-
vanced analytics, the DT model enhances continuous 
monitoring, predictive maintenance, and overall 
pavement management, improving road safety and 
performance. 

The DT framework enhances pavement mainte-
nance by combining real-time data collection, BIM 
modeling, and AI-driven analyses. This approach 
improves maintenance efficiency, reduces reactive 
repairs, and extends pavement lifespan through pre-
dictive analytics. DT simulations optimize mainte-
nance strategies and minimize traffic disruptions, 
while scenario analyses aid decision-making and 
improve road safety. The platform also facilitates 
stakeholder collaboration, enhancing overall man-
agement efficiency. 

This case study offers several novel contributions 
to pavement maintenance and DT technology: 
• Enhanced Data Collection: Diverse sources im-

prove accuracy and reduce costs. 
• Advanced Digital Representation: BIM models 

aid proactive planning. 
• AI-Driven Analysis: Improves distress detection 

and maintenance planning. 
• Predictive Maintenance: Optimizes scheduling 

and resource allocation. 
• Improved Collaboration: Centralizes information 

for better planning. 
• Extended Lifespan and Reduced Costs: Proactive 

maintenance promotes sustainability. 
These contributions highlight the DT framework's 

potential to revolutionize pavement maintenance, 
improving efficiency, safety, and sustainability. 

4 CHALLENGES AND FUTURE DIRECTIONS  

Developing a cognitive road digital twin involves 
key challenges, including ensuring accurate and up-
to-date data, integrating diverse sources like LiDAR 
and cameras, enabling real-time updates, safeguard-
ing data privacy, and ensuring scalability to handle 
large datasets efficiently.  
Future applications include proactive maintenance 
for early issue detection, real-time traffic manage-
ment to enhance safety, environmental impact as-

sessments for sustainable planning, performance 
modeling to prioritize resources, and resilience plan-
ning to mitigate the effects of extreme events. 

5 CONCLUSIONS 

This paper presents a cognitive road DT framework 
for pavement maintenance, integrating data from 
various sources to create a digital representation of 
road pavement. Advanced AI analytics detect dis-
tress, optimize planning, and predict future condi-
tions. A Finnish motorway case study demonstrates 
its potential. 

Automated data collection tools provide real-time, 
comprehensive data for informed decisions. BIM 
models facilitate visualization and analysis. AI-
powered analytics improve distress detection and 
predictive maintenance, extending pavement 
lifespan. 

The Finnish case study shows the DT's ability to 
enhance maintenance efficiency, reduce costs, and 
improve road safety. The framework promises to 
transform pavement maintenance through data-
driven decisions and optimized activities. Continu-
ous research and innovation are encouraged to en-
hance road infrastructure sustainability and resili-
ence. 
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1 INTRODUCTION 
As road transport evolves towards greater intelli-
gence and informatization, the concept of digitaliza-
tion of road systems has emerged. It relies on the re-
al-time perception and evaluation of vehicles, tires, 
pavements, and associated infrastructures. Piezore-
sistive materials composed of pavement materials as 
the matrix, emerged as the optimal choice for em-
bedded sensors or as the sensing surface layer itself 
(Wang et al., 2023). These materials exhibit a rela-
tive change in electrical resistance under load, there-
by enabling the detection of traffic information. 

Polymethyl methacrylate (PMMA) is a synthetic 
polymer derived from the methyl methacrylate 
(MMA) monomer. It has gained considerable inter-
est due to its unique properties including excellent 
mechanical properties and ease of processing. Previ-
ous research indicates that PMMA has been utilized 
in pavement engineering as an anti-skidding and 
noise-reduction surface layer (SCHACHT, 2014).  

The use of PMMA as a material for the structural 
layers of roads has prompted the exploration of its 
potential modification with conductive fillers such 
as graphene to develop sensing surface layers. Over-
all, there is a need for further investigations on the 
piezoresistive properties of graphene-modified 
Polymethyl Methacrylate (GmP) under the loading 
conditions experienced by road pavements. For in-
stance, there is a lack of studies addressing the pie-
zoresistive responses of GmP under dynamic vehicle 
loads. 

In this study, GmP specimens with different gra-
phene content were prepared to analyze their electri-

cal performance. Subsequently, dynamic creep tests 
were conducted to evaluate their piezoresistive re-
sponses under equivalent vehicle loads. This study 
aims to contribute to the advancement of road sens-
ing technology and the development of the digital 
twin of road systems.  

2 MATERIALS AND METHODS 

2.1 Materials 
The three main components of GmP are MMA 
monomers, mineral fillers, and graphene.  

The chemical constituents of the monomers in-
clude Methyl methacrylate (MMA) and 2-ethylhexyl 
acrylate, which are liquid resins at room tempera-
ture. Monomers can be in-situ polymerized to solid 
PMMA when combined with an initiator and molded 
into specimens. The initiator is composed of a com-
bination of dibenzoyl peroxide and phthalate, to ini-
tiate the radical polymerization that hardens the 
MMA resin. 

Quartz mineral filler is added into the PMMA 
matrix to decrease the quantity of PMMA while en-
hancing the strength of the composite material. The 
density of the aggregate at 20°C is 2.65 g/cm3, with 
a maximum particle size of 2 mm. To eliminate the 
size effect, the gradation of mineral fillers was main-
tained constant throughout the subsequent tests. 

Graphene nanoplatelets composed of a few gra-
phene layers were selected as the conductive addi-
tive and are referred to as graphene in this study. 
The thickness of the graphene ranges from 11 to 15 
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ABSTRACT: The electrical and piezoresistive properties of graphene-modified Polymethyl Methacrylate 
(GmP) are investigated in this study. Results indicate that graphene content should be maintained between 1.0  
wt% and 3.0 wt% to achieve a more stable resistance output while preserving a relatively low viscosity of the 
pre-hardening mixture. A constant input current is maintained to ensure compliance with Ohm's law regarding 
output resistance. As the graphene content increases, GmP exhibits a transition from a positive to a negative 
piezoresistive effect, showing more pronounced periodicity of the ∆R/R0 curve and enhanced stability during 
the unloading and rest periods. Furthermore, GmP shows increased piezoresistive sensitivity at higher load 
magnitudes. 



nm, with an average particle diameter of 15 µm. The 
specific surface area is between 50 and 80 m²/g. 
Moreover, the electrical conductivity is 107 S/m par-
allel to the graphene layers and 102 S/m perpendicu-

lar to them. 
Figure 1. Preparation and tests for GmP: (a) Stick and cubic 
GmP specimen with copper plate electrodes; (a) Electrical re-
sistance test; (c) Piezoresistive tests by conducting dynamic 
creep loading. 

2.2 Methods  

2.2.1 Specimen preparation 
GmP specimens were prepared by dispersing gra-
phene along with mineral fillers and initiator, in 
MMA liquid through mechanical stirring.  

Mechanical stirring was conducted using a paddle 
mixer at 1000 rpm for 3 min to disperse various 
amounts of graphene in the MMA monomer. Then, 
mineral filler, accounting for three times the mass of 
the MMA, was added to the mixture, followed by 
additional 3-min mixing of mechanical stirring. Fi-
nally, the initiator (1.6 wt% of MMA) was added in-
to the mixture and dispersed for 2 min. All disper-
sion processes were conducted at room temperature. 

After mixing, the composite was poured into a 
stick mold with dimensions of 50×10×10 mm3 or a 
cubic mold with dimensions of 50×50×50 mm3. Be-
fore casting the specimen, two copper plates were 
positioned in the two sides of the mold to serve as 

electrodes. The mixture was in-situ polymerized for 
24 h and then de-molded for further electrical and 
piezoresistive tests, as shown in Figure 1(a) and (b). 

2.2.2 Electrical and piezoresistive test 
The Keithley multimeter (Source Meter Unit 2450) 
was utilized to measure the electrical resistance of 
GmP, as shown in Figure 1(c). Before the electrical 
resistance test, a current and voltage sweep was con-
ducted on GmP stick specimens with varying gra-
phene contents. The current input was applied loga-
rithmically over 100 measurement points, ranging 
from 1×10⁻12 A to 0.1 A. Similarly, the voltage 
ranged from 1×10⁻⁶ V to 42 V. After determining the 
input values, four replicates were tested at room 
temperature to obtain the electrical resistance of all 
GmP composites with a constant current of 10-5 
maintained throughout all tests. 

A 5-cycle dynamic creep test was conducted to 
evaluate the piezoresistive properties of GmP (Wang 
et al., 2024). Each cycle consists of a 2-second hav-
ersine loading period and a 10-second rest period. 
To simulate the compressive load exerted by cars 
and trucks on pavements, equivalent pressure ampli-
tudes of 0.163 MPa and 0.416 MPa were applied to 
cubic specimens. Four replicates were tested to cal-
culate the change in resistance during the dynamic 
loading. As shown in Figure 1(d), the cubic speci-
men was positioned with the copper plate electrodes 
being oriented perpendicular to the loading plate. In-
sulating tape was used to separate the specimen from 
the loading plates, thereby ensuring the accuracy of 
the electrical signal. The data collection frequency 
was set at 20Hz. 

3 RESULTS AND DISCUSSION 

3.1 Input range of voltage and current 
The resistivity of GmP in this study is calculated ac-
cording to Ohm's law. Consequently, it is essential 
to determine an appropriate input range for current 
or voltage to ensure that the resistivity output re-
mains independent of them. After the sweep tests, 
the upper and lower limits of the voltage and current 
inputs were determined and presented in Table 1. 
 
Table 1.  Limits of electrical voltage and electrical 
current in electrical resistance test. ______________________________________________ 
Graphene content  Voltage (V)   Current (A)          ____________  _____________  
wt%         Lower/ Upper limit  ______________________________________________ 
1.0      0.5  5.0   10-7  10-6 
1.25      0.05  5.0   10-7  10-5 
1.5      0.001  10.0   10-7  10-4 
1.75      0.001  10.0   10-6  10-4 
2.0      0.001  10.0   10-6  10-3 
3.0      0.001  10.0   10-6  10-2 
4.0      0.001  10.0   10-6  10-2 _____________________________________________ 
 



For example, the resistivity of GmP-2wt% de-
creases only by 0.7% when the current increases 
from 10⁻⁶ A to 10⁻³ A, and by 0.16% when the volt-
age increases from 0.001 V to 10 V. To ensure the 
output accuracy of all GmP with varying graphene 
content, a fixed input current was employed in sub-
sequent measurements. 

3.2 Electrical resistance of GmP 
Figure 2 illustrates that the resistivity of GmP con-
tinuously decreases with increasing graphene con-
tent. However, when the graphene content increases 
from 0.5 wt% to 0.75 wt%, it decreases only by 15% 
(2.84×10⁸ Ω·m to 2.43×10⁸ Ω·m). |Both values re-
main above the threshold of 10⁸ Ω·m, beyond which 
GmP can be classified as an insulator. Further re-
sistance tests on these two GmP reveal that the resis-
tivity at 0.75 wt% is occasionally equal to or even 
higher than that at 0.5 wt%. This suggests that the 
resistivity of GmP is not significantly affected until 
the percolation threshold of the graphene is reached. 
Subsequently, the resistivity of GmP drops sharply 
to 24,500 Ω·m when the graphene content increases 
to 1.0 wt%, which is 1,000 times lower than that at 
0.75 wt%. As the graphene content continues to rise, 
the resistivity further decreases although at a slower 
rate. When the graphene content exceeds 3.0 wt%, 
the reduction in resistivity becomes even slower.  

Figure 2. Percolation curve of GmP with different graphene 
content. 

 
The different stages of percolation are clearly il-

lustrated in Figure 2. GmP with graphene content 
below 0.75 wt% falls into the insulating phase, 
where individual graphene particles are dispersed in 
the PMMA matrix with relatively large gaps and an 
absence of significant conductive pathways in the 
composites. The sharp drop in resistivity observed 
between 0.75 wt% and 1.0 wt% indicates that the 
percolation threshold falls into this range, marking 
transition of GmP into the percolation phase. During 
this stage, the distance between graphene particles 
permits quantum tunneling, leading to the formation 
of more conductive pathways and accounts for the 

sudden increase in conductivity. To obtain detecta-
ble and relatively stable resistivity values, the gra-
phene content should not be less than 1.0 wt%.  

Figure 3 shows the morphology of the pre-
hardening mixture containing graphene between 1.0 
wt.% and 4.0 wt.%. The mixture with 1.0 wt.% gra-
phene exhibits relatively low viscosity, enabling the 
composite to flow into the mold without additional 
compaction. As the graphene content increases, the 
viscosity rises significantly, which reduces the flow-
ability of the pre-hardening composite. The mixture 
with 4.0 wt.% graphene becomes semi-rigid, even in 
its un-hardened state. It also shows a dry appear-
ance, consisting of individual clumps that separate 
like soil particles, rather than forming cohesive 
lumps. The high viscosity of the mixture necessitates 
additional compaction, suggesting that composites 
with more than 3 wt% graphene are not recommend-
ed for further preparation. 

Figure 3. Morphology of pre-hardening GmP with different 
graphene content. 

Figure 4. Piezoresistive response of GmP with different gra-
phene content under equivalent car loads. 

3.3 Piezoresistive behavior of GmP 
The piezoresistive response of GmP under an equiv-
alent load of cars and a test temperature of 20 °C  is 
illustrated in Figure 4. It can be observed that the 
∆R/R0 of GmP-1.0wt% exhibits a poor periodicity. 
The resistivity increases significantly during the 
loading phase, indicating a positive piezoresistive ef-
fect. However, the ∆R/R0 during the unloading and 
rest phases is less pronounced. The disturbances in 
the ∆R/R0 curve obscure the effects of loading, re-
sulting in a weak consistency of the piezoresistive 
response across all cycles of each specimen. The 
∆R/R0 curve of GmP-1.5wt% is similar to that of 



GmP-1.0wt%, with an increase during the loading 
phase. However, the curve is smoother in the rest 
phase. This improvement may be attributed to the 
reduced average distance between conductive parti-
cles at higher graphene content, which facilitates 
more stable conductive pathways after unloading. 
When the graphene content increases to 2.0 wt% and 
3.0 wt%, the ∆R/R0 curves show a notable differ-
ence. Although these curves still rise during the 
loading phase of the first cycle, they both exhibit a 
negative piezoresistive effect during the subsequent 
four loading cycles, characterized by a decrease in 
resistivity under load. In the resting phase after un-
loading, the curves of both compositions remain sta-
ble and recover to their pre-loading resistivity levels.  

According to the theory in ref (Aly et al., 2017), 
the transition between positive and negative piezore-
sistive effects can be attributed to two opposing 
mechanisms. The initiation of microcracks under 
compressive load or the separation between the 
specimen and the electrodes results in an increase in 
resistivity. Whereas the reduction in the distance be-
tween conductive particles under compressive load 
leads to the decrease in resistivity. These two oppos-
ing effects compete with each other as the graphene 
content increases. And the latter one becomes domi-
nant when the graphene content reaches 2.0 wt% and 
3.0 wt%. The relatively higher content of conductive 
particles allows the formation of more stable con-
ductive pathways even in the presence of mi-
crocracks (Luo and Liu, 2013). This explains why 
the GmP-2.0wt% and GmP-3.0wt% exhibit negative 
piezoresistive effects during the loading phases, and 
why their ∆R/R0 curves remain relatively stable dur-
ing the resting phase. 

Figure 5 presents the piezoresistive response of 
GmP under an equivalent truck load at a test temper-
ature of 20 °C. The ∆R/R0 curves resemble those ob-
served under an equivalent car load. However, the 
∆R/R0 of GmP-1.0wt% shows a more pronounced 
decrease during the resting phase. This can also be 
explained by the initiation of more microcracks un-
der the larger load and their partial healing after un-
loading. Simultaneously, GmP-3.0wt% exhibits 
more stable piezoresistive behavior compared to 
GmP-2.0wt% under the equivalent truck load. Nota-
bly, GmP displays a more significant piezoresistive 
effect under the equivalent truck load, indicating en-
hanced piezoresistive sensitivity to larger load mag-
nitudes. 

4 CONCLUSIONS 

In this paper, the electrical and piezoresistive prop-
erties of GmP with varying graphene contents are 
investigated through laboratory tests. The following 
conclusions are drawn:  

GmP transitions to the percolation phase when 
the graphene content exceeds 0.75 wt%. However, 
when the graphene content exceeds 3 wt%, the vis-
cosity of GmP before hardening becomes excessive-
ly high, complicating the casting and molding. 
Therefore, the recommended graphene content is be-
tween 1.0 wt% and 3.0 wt%. Additionally, a con-
stant input current is used to ensure the test re-
sistance is independent of the input parameters. 

Figure 5. Piezoresistive response of GmP with different gra-
phene content under equivalent truck loads. 

As the graphene content increases, the GmP tran-
sitions from a positive piezoresistive effect to a neg-
ative one under the equivalent compressive load of 
vehicles. Additionally, the periodicity of the ∆R/R0 
curve and the unloading and resting stages become 
more stable. This may be attributed to the formation 
of more stable conductive pathways due to the high-
er graphene content. Furthermore, GmP exhibits a 
more significant piezoresistive effect under equiva-
lent truck loads, indicating increased piezoresistive 
sensitivity to higher load magnitudes. 
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8.1 
ADVANCES IN MODELING & ANALYSIS OF 

NON-DESTRUCTIVE TECHNOLOGIES 



1 INTRODUCTION 

1.1 What is Comprehensive Pavement Assessment? 
The capability of collecting continuous high accura-
cy and high-resolution data enables infrastructure 
managers to more precisely and proactively identify 
areas where the pavement structure may be under-
performing. By analyzing structural and surface 
condition data together, a more comprehensive as-
sessment of infrastructure condition is provided. 
This enables a clearer understanding of the prevail-
ing conditions and potential treatment needs. 

 

Figure 1. Elements of Road Condition Measurements 
 

The simultaneously collection, at traffic speed, 
has clear efficiency advantages. However, the super-
imposition of individual measurements also provides 
technically equivalent solutions, provided that high 
quality standards are set for georeferencing and the 
consideration of the temporal variable. The full 

spectrum of Road Condition Measurements includes 
simultaneous measurements of:  
− pavement strength (bearing capacity) 
− structural inventory (ground penetrating radar) 
− cracking and other surface distresses 
− longitudinal and transverse road profile 
− pavement macro texture 
− road geometry 
− geospatial position 
− digital imaging (front and surface picture) 
− asset inventory and condition 

1.2 Potential Value 
Increased knowledge of the pavement condition im-
proves the possibilities for decision making in plan-
ning, budgeting and application for long term cost 
effectiveness.  

The three major groups of models engaged in 
valuable decisions for road administrations are: 
− Strategic models - which identify when interven-

tion ought to be considered, and what treatments 
should be considered. 

− Performance models – which project, how eco-
nomical and physical parameters will perform in-
to the future, taking deterioration and future inter-
vention into account. 

− Optimization models - which from objective crite-
ria single out the optimum plan of intervention 
from the list of possible options, that can be car-
ried out within the budget constraints. 

The strategy models will set the limits when func-
tional and structural criteria are exceeded, and reha-
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ABSTRACT: Technology has advanced to a point where most of the needed information for pavement as-
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decision making for managing road networks. This article is intended to provide an overview of the compre-
hensive assessment of road surfaces, their status, opportunities and challenges for proactive road manage-
ment.  



bilitation options may be considered as possible so-
lutions. 

The performance models extrapolate present con-
dition of structural and functional pavement parame-
ters according to deterioration models, and describe 
how parameters values changed, when intervention 
is carried out.  

However, the fundamental for all the above mod-
els are robust and valid data. Without the access to 
reliable data, value-based management by road ad-
ministrations can prove difficult and may even have 
a negative effect on the maintenance strategies. 

2 CHALLENGES OF COMPREHENSIVE 
PAVEMENT ASSESSMENT 

2.1 Data Needs 
A well-maintained road infrastructure will correctly 
identify/prioritize intervention strategies to ensure an 
economically feasible use of resources. This is a vi-
tal element in keeping society in motion and, ulti-
mately, make roads safer globally.  

However, for better decisions to be made, more 
and better information is often required. This can be 
facilitated by using higher precision sensors to rec-
ord pavement conditions at traffic speed relating to 
both the functional and structural conditions. Also, 
the use of other data sources, e.g. traffic volumes 
and construction data, and innovative data sources 
could be considered, e.g. probe car data. Ideally, 
there are no differences in data collection for net-
work and project level. 

2.2 Dealing with Data Volume 
Collecting pavement condition data continuously, 
using sensors that can detect pavement surface char-
acteristics down to millimeters and pavement deflec-
tion under loading at a precision of µm, will gener-
ate data volumes in the range of 4 gigabytes per km, 
for network level surveys.  

To handle such amounts of data and turn the data 
into information that can be used for maintenance 
planning and forecast maintenance strategies re-
quires sufficient and robust processes and tools. 

3 TOOLS BEING APPLIED 

3.1 Visualization Tools 
A fundamental key for comprehensive data assess-
ment is geographic information system (GIS) based 
data handling which assist and support a holistic ap-
proach of data interpretation. Such tools have been 
developed that enable the visual assessment of col-
lected data. Utilizing available mapping functionali-
ty, they allow users to navigate through the complex 
amount of data and assess the condition of the road 

network easily. These tools enable transfer from sys-
tem wide assessments to a project level investigation 
without the need for the usual additional project lev-
el evaluation.  
 

Figure 2. Example for a comprehensive data visualization tool 

3.2 Simple Analytical Tools 
Filtering, segmentation and accelerated verification 
of data according to the specifications for the ac-
cepted road condition or intervention levels are the 
basic analytical tasks. By doing this filtering, it is 
possible for the road authority to locate the roads 
sections where maintenance is needed by means of 
their individual definition. By using comprehensive 
measurements including both structural and func-
tional pavements information, the selection or filter-
ing process brings a new dimension into locating 
roads with present or future maintenance needs. 

When the road network has been filtered and the 
relevant road sections requiring maintenance are lo-
cated it is relatively straightforward to start prioritiz-
ing the roads that are in highest need of maintenance 
by utilising user defined parameters of key factors 
such as general condition, traffic volumes, daily axle 
loading, road class, maintenance history and current 
need etc.  

In addition to finding and optimizing the mainte-
nance needs, previous measurements can be com-
pared directly, providing vital information on com-
parative condition change timewise and more 
importantly rate of deterioration.  

3.3 More Sophisticated Analytical Tools 
Automated in-depth analysis and the derivation of 
specific measures based on the data, on the other 
hand, pose a greater challenge. The recognition of 
patterns, the interpretation of causes of damage, their 
development and the consideration of further param-
eters, such as cost approaches and sustainability cri-
teria, are currently the subject of many projects. 
Great potential is seen in the application of AI meth-
ods. 



4 CASES 

For the purposes of this discussion, cases will be 
categorized as follows: 
(1) A section of pavement appears deficient from the 

surface AND is also determined to be structural-
ly deficient. 

(2) A section of pavement appears acceptable from 
the surface BUT is determined to be structurally 
deficient. 

(3) A section of pavement appears deficient from the 
surface BUT is determined to be structurally ad-
equate. 

(4) A section of pavement appears acceptable from 
the surface AND an Agency is able to confirm it 
is also structurally adequate. 

Each of these cases will be discussed further in the 
following sections with examples provided for more 
detailed examination.  

4.1 Case 1 
For most, the common belief is that structural issues 
will manifest themselves in surface deterioration, 
eventually. While this may typically be true (eventu-
ally), it is not always the case. With the aim of sus-
tainable and predictive maintenance structural as-
sessments should be conducted to confirm the 
presence of structural deterioration before treatments 
are planned for such extensive deterioration. It is not 
uncommon for some agencies to delay treatments on 
some roads when such extensive work is required. 
Either way, the need for confirmation is an im-
portant part of appropriate treatment selection. 

When the surface is heavily deteriorated, but no 
further assessment is conducted, if the Agency elects 
to delay treatment, because of the perceived deterio-
ration, the surface may continue to decline. Such ac-
tion could ultimately cause structural deterioration 
(by allowing water to infiltrate the pavement), and 
will likely lead to accelerated deterioration, regard-
less of whether structural issues existed or not. If the 
Agency elects to plan an extensive treatment (based 
on the surface deterioration) this could result in un-
necessary expenditures. 

When the surface is heavily deteriorated, and fur-
ther assessment is conducted, an Agency can spend 
significant resources attempting to quantify the ex-
tent of the deterioration. An Agency can conduct 
some forensic analysis, and potentially still not fully 
document the extent of the deterioration. 

4.2 Case 2 
Not surprisingly, continuous structural capacity as-
sessment, can reveal isolated/discrete portions of 
highways that may appear acceptable from the sur-
face, but (for a multitude of potential reasons) are 

not able to provide the same structural support as ad-
jacent portions of the same highway. 

When left undetected, isolated recurring mainte-
nance issues will create frustration for years to 
come. Larger areas of structurally deficient pave-
ment will ultimately lead to changes in treatment 
forecasts, which can prove very costly and embar-
rassing. 
As an example, improperly constructed pavements 
can experience early structural problems that may 
not be as obvious from the surface. 

When detected early, Agencies can proactively 
conduct spot repairs in advance of treatments, to im-
prove treatment performance and required thick-
nesses. Agencies may proactively alter treatment 
forecasts and strategies to mitigate more extensive 
areas of structural concern, that currently are not vis-
ible from the surface. 

For some pavement types (like composite pave-
ments), it is helpful to be aware of underlying condi-
tion to properly plan for treatment needs. 

4.3 Case 3 
Observations have also been made of sections of 
pavement that exhibit extensive surface deteriora-
tion, that would traditionally lead one to believe that 
extensive repairs are required. 

Without the corresponding structural assessment, 
an Agency may elect to delay treatment because of 
the perceived deterioration. The surface may contin-
ue to decline, and could ultimately cause structural 
deterioration (by allowing water to infiltrate the 
pavement). This will likely lead to accelerated dete-
rioration, regardless of whether structural issues ex-
isted or not. If the Agency elects to plan an extensive 
treatment (based on the surface deterioration) this 
could result in unnecessary expenditures. 

When the surface is heavily deteriorated, and fur-
ther assessment reveals no structural deterioration, 
an Agency can remove and replace the problem sur-
face layer and avoid more extensive unnecessary 
costly repair. Agencies can use saved resources to 
investigate true cause(s) of surface anomalies. 

4.4 Case 4 
When sections of pavement appear to have limited 
surface deterioration, it is ultimately beneficial to be 
able to confirm that these sections truly require no 
work for the foreseeable future. 

Without the corresponding structural assessment, 
an Agency may program work based solely on the 
pavements age or unsupported performance expecta-
tions. This will likely lead to misappropriation of 
funds, regardless of whether structural issues existed 
or not. Similarly, if the Agency elects to plan treat-
ment based solely on performance prediction this 
could result in unnecessary expenditures. 



When structural assessments can be readily con-
ducted, an Agency can more confidently project per-
formance expectations and more accurately plan for 
future needs. Again, this enables Agencies to use 
saved resources to address projects of greater need. 

Perhaps of greatest importance is the realization 
that multivariate data always enables a more detailed 
evaluation of a project. Rather than assigning some 
“average” condition for treatment selection and de-
sign, discrete sections can be identified with greater 
confidence and accuracy. This ability offers the po-
tential for isolating and treating areas of greater 
need. These project level decisions can now be made 
with network level data. Such work can be per-
formed in advance of larger rehabilitation projects to 
produce a more homogeneous and therefore cost-
effective strategy. Potentially, isolated repairs of this 
nature may even be performed (on their own) to pro-
actively “buy some time” before additional work is 
needed.  

5 FURTHER DEVELOPMENT 

Additional data and parameters are also required to 
support further decision-making in pavement man-
agement at network level. In addition to the descrip-
tion of the current structural and functional condi-
tion, these include the already carried heavy traffic 
loads in relation to the existing pavement design and 
consideration of the importance of a network sec-
tion. The latter can, for example, also depend on the 
existence of possible alternative routes and is deter-
mined by resilience considerations. 

This multivariate evaluation leads to the devel-
opment of an advance warning system for the net-
work level. Theoretically, it can be supplemented by 
any other relevant data sources, such as floating car 
data, and may thus become more meaningful. 

The aim of the advance warning system is to 
identify sections of road that will require major re-
newal in the near future. If necessary, such road sec-
tions should then be subjected to more detailed in-
vestigations, e.g. by taking drill cores. 

6 CONCLUSIONS 

The technical challenges of assessing pavement 
structural capacity have historically led to a percep-
tible gap between network level assessment and pro-
ject level pavement management. The increasingly 
apparent limitations of traditional methods of as-
sessment (safety considerations, user delays, and 
relatively high testing costs) are necessitating explo-
ration of new solutions. 

With the integration of technology for continuous 
traffic speed collection of structural and functional 
condition (as one operation), system wide and pro-

ject level applications can be achieved simultaneous-
ly. The overall impact is still to be determined, but 
as seen from the limited examples cited above, many 
are eager to explore the possibilities.  

Closing this gap between network and project 
level evaluations is generating: 
− More comprehensive pavement assessments, with 

greater value and applicability of the data collect-
ed; 

− The ability to better optimize network perfor-
mance and  

− Improve the efficiency and effectiveness of pro-
ject specific treatment needs. 

Most are accepting the merits of network level ap-
plications and focused on how best to accommodate 
such data in existing management systems. Project 
level applications continue to evolve. Data is cur-
rently being utilized to identify specific portions of 
projects that merit being treated differently. This can 
include spot full depth repairs, drainage mitigation 
or potentially a varying treatment needs throughout a 
project based on conditions noted. Areas considered 
“representative” are being used to facilitate more fo-
cused forensic investigations and generation of more 
precise design needs.  

As observed in the cases above, the ability to 
conduct more comprehensive assessments is capable 
of significantly impacting the optimization (and ap-
plication) of Agency pavement funds. 
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1 INTRODUCTION 
A common maintenance activity in asphalt pavement 
infrastructure is the periodic replacement of Asphalt 
Concrete (AC). Consequently, pavement engineers 
are interested in technologies that allow for correct, 
efficient, and safe quantification of AC mechanical 
properties in situ. The state-of-the-practice approach 
in this context is backcalculating the AC’s elastic 
modulus from Falling Weight Deflectometer (FWD) 
measurements.  

The FWD’s testing capabilities essentially remain 
unchanged for decades, experiencing only marginal 
design upgrades (Levenberg et al. 2025). In recent 
years, new measurement technologies have emerged 
– having the potential to replace the FWD. These in-
clude moving measurement platforms like the Traffic 
Speed Deflectometer (TSD) and the Rapid Pavement 
Tester (Raptor) (Andersen et al. 2017).  

This work is motivated by the growing interest 
within the pavement engineering community to com-
pare layer properties inferred from FWD measure-
ments against layer properties inferred from measure-
ments collected by the new emerging devices. More 
specifically, the objective of this paper is to present 
and compare AC layer properties inferred from an 
FWD testing campaign to those inferred from a TSD 
testing campaign.  

The campaigns utilized for this purpose were car-
ried out at different times over a 320 m section of an 
asphalt road located in South-West Germany. The 
pavement system consisted of (top to bottom): 
180 mm AC (in three lifts), 520 mm of unbound gran-
ular material (UGM), and fine-grained soil extending 
to a large depth.  

FWD measurements are analyzed with an elasto-
static backcalculation scheme, providing the AC’s 
Young’s modulus. TSD measurements were analyzed 

in a separate study (Levenberg & Kalantari 2025) – 
providing for this (current) work the AC layer’s mas-
ter curve.  

Moreover, a laboratory testing campaign is in-
cluded, where viscoelastic properties of the AC layer 
were measured over cores taken from the road. The 
laboratory effort is utilized herein to facilitate the 
analysis, e.g., account for differences in temperature 
conditions prevailing in situ during the FWD and 
TSD testing campaigns. Lab results are also utilized 
to provide a reference truth or validation. 

2 PROPERTIES OF THE AC LAYER   

2.1 Laboratory results 
The AC layer in the tested road (180 mm thick) was 
composed of three lifts. Lift 1 (top), 1 40mmh = , Lift 
2 (middle), 2 40mmh = , and Lift 3 (bottom), 

3 100mmh = . After coring, the complex modulus *E
of each lift was measured in the laboratory. The fol-
lowing expression was utilized to analyze the results: 

*

1 0 01 ( ) ( )
HF LF

LF k h
T T

E EE E
i a i a  − −

−
= +

+ +
 (1) 

where *( 0)LFE E = →  (MPa), *( )HFE E = →  
(MPa), 1  (unitless), 1k h   (unitless), and 0  (sec-
onds) are all positive real-valued constants.   de-
notes angular frequency (radians/second), and the pa-
rameter Ta  (unitless) is the time-temperature shift 
factor, given by the WLF equation: 

( )( )
1

1 0 2 0log Ta c T T c T T −
= − − + −  (2) 

in which 1c  (unitless) and 2c  (Celsius) are positive 
constants and 0T  is a preselected reference 
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temperature (Celsius). The laboratory results are sum-
marized in Table 1. 
 
Table 1.  AC complex modulus results from labora-
tory testing (see Equations 1 and 2) for a reference 
temperature 0 20 CT =  . 

AC Lift #: 1 - top  2 - middle 3 - bottom 
LFE  [MPa] 311 347 296 
HFE  [MPa] 38918 43372 37058 

1  [-] 3.115 3.010 1.338 
h  [-] 0.593 0.609 0.433 
k  [-] 0.224 0.232 0.132 
0  [s] 8.598×10-3 8.699×10-3 9.054×10-3 
1c  [-] 32.5 32.8 21.3 

2c  [°C] 274.1 290.6 219.8 
 
Equation 1 and Table 1 allow the evaluation of the 
storage modulus 1E  of a given AC lift for any desired 
frequency and temperature. This is done according to 
the following expressions: 

( )( )
12 2

1 LF HF LFE E A E E A B −
= + − +  (3) 
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2.2 FWD results 
The tested road section was exposed to 184 FWD 
drops, applied over 31 different locations at 10 m 
spacing. The entire campaign took 45 minutes during 
which the average temperature of the three AC lifts 
was nearly constant and estimated as follows: 17.1 °C 
(top 40 mm), 15.0 °C (middle 40 mm), and 13.5 °C 
(bottom 100 mm). These temperatures were obtained 
using the empirical BELLS3 equation (Lukanen et al. 
2000).  

The drops produced peak loads in the range of 
47.9 kN to 90.8 kN; given the 300 mm diameter load-
ing plate, the corresponding peak stresses were in the 
range of 0.68 MPa to 1.28 MPa. The FWD was 
equipped with nine geophones positioned at the fol-
lowing offsets from the center of the loading plate (in 
mm units): 0, 210, 330, 510, 900, 1270, 1500, 1800, 
and 2100. The pavement system was modeled as a 
layered elastic half-space and the peak stresses, along 
with their corresponding peak deflections, were uti-
lized to backcalculate the moduli of the model layers.  

A 5-layered model was assumed for this purpose, 
with the following thicknesses (Poisson ratios): 
180 mm representing all three AC lifts combined 
(0.30), 220 mm representing the upper part of the 
UGM (0.35), 300 mm representing the lower part of 

the UGM (0.35), 500 mm representing the subgrade 
(0.40), and a semi-infinite bottom layer representing 
soil mass extending to a large depth (0.40).  

The match between a calculated and measured de-
flection set was defined as the absolute relative error 
averaged over all nine FWD sensors. Optimal solu-
tions were found with a gradient-decent search algo-
rithm. All calculations were done in an Excel envi-
ronment with the ELLEA1 worksheet (version 0.96) 
(Levenberg 2016a). The final matching errors were 
very good, with an average over 184 deflection sets 
of 1.07%, a standard deviation of 0.62%, a minimum 
value of 0.27%, and a maximum value of 3.37%.  
Based on all available FWD drops, the average back-
calculated AC modulus was 9324 MPa with a stand-
ard deviation of 1964 MPa, i.e., a coefficient varia-
tion of 21%. The minimum backcalculated AC 
modulus was 4418 MPa, and the maximum was 
13217 MPa. Table 2 offers a summary of the backcal-
culation results. 
 
Table 2.  Summary of FWD backcalculation results. 

Modeled layer in 
the pavement 

Thick-
ness 

[mm] 

Average 
modulus 
[MPa] 

Standard 
deviation 

[MPa] 
Combined AC   180 9324 1964 
Upper UGM 220 154 72 
Lower UGM 300 462 255 

Subgrade 500 67 18 
Deep soil mass Semi-inf 400 111 

2.3 TSD results 
The TSD truck was operated at a speed of 70 km/h; it 
passed over the 320 m long test section in about 16.5 
seconds, reporting on 32 distinct slope sets – each 
representing an average over a 10 m stretch. Figure 1 
presents a graphical summary of the reported TSD 
slopes. The average temperatures of the three AC lifts 
were: 24.2 °C (top 40 mm), 20.4 °C (middle 40 mm), 
and 17.6 °C (bottom 100 mm). These temperatures 
were (also) obtained using the empirical BELLS3 
equation. 

The TSD-reported slopes were analyzed in a sepa-
rate study which aimed at inferring the AC layer prop-
erties (Levenberg & Kalantari 2025). The analysis at-
tempted to fit model-calculated slopes to TSD-
reported slopes; this was done while accounting for 
the loading of the entire TSD truck (i.e., all tires) uti-
lizing several linked worksheets of the layered visco-
elastic half-space code ELLVA1 (Levenberg 2016b, 
2016c). The model layering was identical to the lay-
ering utilized for FWD backcalculation (see Table 2). 
Linear elasticity was assumed except for the top 
180 mm layer (representing AC) which was treated as 
linear viscoelastic.  

Ultimately, the TSD analysis provided 32 estimates 
for the AC layer’s creep compliance. These creep 
compliance time functions were interconverted to the 
frequency domain and then averaged to create a 



mastercurve, which characterizes the AC layer, i.e., a 
combination of the three AC lifts. The derived storage 
modulus is presented in Figure 2. The average is de-
picted with a solid black line, while dashed lines en-
capsulate the range of results.  
 

 
 
Figure 1. TSD slopes for different laser offsets. The vertical red 
lines span the range of results reported by the TSD device. The 
average in each case is indicated by a hollow circular red marker. 
Large circular markers (black border) represent TSD slopes sim-
ulated in a pavement model with backcalculated moduli from 
FWD (after temperature correction for the AC). 
 

 
 
Figure 2. AC storage modulus master curve at temperature con-
ditions during the TSD measurement campaign: (i) based on lab-
measured results (blue solid line); and (ii) backcalculated from 
TSD-reported slopes where the solid black line denotes average 
and the dashed lines denote upper and lower ranges. Also in-
cluded is the FWD-backcalculated AC modulus (circular marker 
with black border) and its range (vertical red line).  

3 COMPARISON OF AC LAYER PROPERTIES 

3.1 Approach 
Before comparing the AC properties inferred from 
FWD and TSD a preliminary analysis was necessary. 
First, given that both the TSD and the FWD charac-
terized the AC layer under a different temperature 
profile, a temperature correction was needed. In this 
context, it was decided to correct the FWD modulus 
so that it applies to the temperature profile prevailing 
during the TSD campaign. Second, the TSD analysis 
provided a storage modulus mastercurve, i.e., a range 
of moduli values, each associated with a different fre-
quency, while the FWD provided a single modulus 
value. Thus, for comparing the two it was necessary 
to associate some frequency with the backcalculated 

FWD modulus. Lastly, properties derived from both 
the FWD and the TSD are a combination of the prop-
erties of the three AC lifts. Thus, to validate their re-
sults, the lab-measured properties should also be 
combined.  
 To achieve the three above-described aspects, the 
plot in Figure 3 was prepared. This figure presents 

com
1E , a combined AC storage modulus (ordinate on 

the left-hand side) vs. frequency (on the abscissa). 
Two S-shaped curves are shown, both are based on 
the lab-measured results in Table 1. The solid blue 
depicts a combined com

1E  for the temperature condi-
tions prevailing during the TSD campaign. The 
dashed blue line depicts a combined com

1E  for the tem-
perature conditions prevailing during the FWD cam-
paign. The ratio between the two curves, labeled as a 
Correction factor, is plotted as a dashed black line 
with values depicted on the right-hand side ordinate. 
 

 
 
Figure 3. Lab-based combined storage modulus mastercurves of 
the AC layer. The dashed blue line represents temperature con-
ditions prevailing during the FWD testing and the solid blue line 
represents temperature conditions prevailing during the TSD 
measurement campaign. The ratio between these two curves is 
depicted by a dotted black line, labeled as ‘correction factor’. 
Also included is the FWD backcalculated AC modulus before 
and after temperature correction (circular markers).   
 

The com
1E  curves in Figure 3 were calculated ac-

cording to the following formula (Levenberg et al. 
2009):  
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where 1( )iE  is the storage modulus at a given fre-
quency and average temperature level of asphalt lift 
i , and ih  is the thickness of asphalt lift i . As can be 
seen, given the colder temperature levels during the 
FWD campaign compared to the TSD campaign, the 
associated com

1E is consistently higher (i.e., the dashed 
blue line is above the solid blue line).  
 Also included in Figure 3 is the average backcalcu-
lated AC modulus from the FWD campaign (circular 
marker with a light orange fill), i.e., 9324 MPa. This 
modulus was deliberately placed on the dashed blue 
line, revealing an associated frequency of 4 Hz. When 



translated down to the solid blue line, keeping the 
same frequency, the AC modulus from the FWD is 
effectively temperature-corrected for the conditions 
prevailing during the TSD campaign. The correction 
factor is 1.4 and the modulus becomes 6660 MPa (cir-
cular marker with a dark orange fill).  

3.2 FWD vs. TSD  
The preliminary analysis, as described above, pro-
vided all the necessary inputs for presenting and com-
paring the AC layer properties as derived from FWD 
and (separately) from TSD alongside lab-generated 
validation. The comparison results are shown in two 
separate figures. Referring first to Figure 2, the tem-
perature-corrected FWD modulus of 6660 MPa is 
plotted at a frequency of 4 Hz (circular marker with 
dark orange fill). The short vertical line passing 
through the circular marker represents the range of 
backcalculated AC moduli, from a low of 3156 MPa 
(=4418/1.4) to a maximum of 9441 MPa 
(=13217/1.4). As can be seen, there is some overlap 
with the TSD results, as the vertical line enters the 
range marked by the dashed black lines. However, the 
averages are not close; the average storage modulus 
inferred from the TSD at 4 Hz is about 2750 MPa 
(solid black line).  

Referring next to Figure 1, the FWD results (black 
circular markers) are compared to the TSD-reported 
slopes. These markers represent TSD surface slopes, 
simulated in a layered-elastic pavement model loaded 
by the entire TSD truck configuration (i.e., all 
wheels). The average moduli backcalculated from 
FWD were utilized for this purpose (see Table 2) but 
with a temperature-corrected modulus for Layer 1 
(i.e., 6660 MPa). As can be seen, the overlap is par-
tial, i.e., most of the FWD markers do not encircle the 
average TSD-reported slopes at each laser offset. 

4 CONCLUSION 

While focusing on the properties of the AC layer, this 
paper compared backcalculated FWD moduli with 
properties inferred from TSD measurements. The in-
vestigation involved one asphalt road that was meas-
ured by both devices – on different dates. Peak FWD 
deflections were analyzed with a layered elastic 
model, producing an AC modulus. Reported TSD-
slopes were analyzed in a layered viscoelastic model, 
producing an AC mastercurve. Additionally, the vis-
coelastic properties of AC cores were measured in a 
laboratory to facilitate the comparison.  

It was found that the average backcalculated AC 
modulus from FWD (after temperature correction) 
was higher (by a factor of 2.4) than the associated av-
erage storage modulus derived from TSD (see Figure 
2). An attempt to compare measured TSD slopes and 
calculated TSD slopes based on backcalculated FWD 
moduli was also not very successful (see Figure 1).  

The observed discrepancies between FWD and 
TSD may be due to: (i) utilization of an elastostatic 
backcalculation scheme for interpreting FWD deflec-
tions; (ii) associating the backcalculated AC modulus 
with a certain frequency; and (iii) structural inhomo-
geneity in the tested road – see relatively high stand-
ard deviations in layer moduli (Table 2) and wide 
range of the TSD-derived mastercurves (Figure 2).  

In future investigations aiming to compare layer 
properties from FWD to those from TSD it is recom-
mended to: (i) carry out tests over homogenous road 
sections; (ii) perform testing campaigns at the same 
time to avoid the need for temperature correction; (iii) 
employ an FWD backcalculation scheme that consid-
ers viscoelasticity; and (iv) include pavement sensors 
to allow for a device-independent estimation of the 
mechanical layer properties.  

5 REFERENCES 

Andersen, S., Levenberg, E., and Andersen, M.B. 
(2017). Inferring Pavement Layer Properties from a 
Moving Measurement Platform. Proceedings of the 
10th International Conference on the Bearing Capac-
ity of Roads, Railways & Airfields, CRC Press/Tay-
lor & Francis Group, pp. 675–682. 

Levenberg, E. (2016a). ELLEA1: Isotropic lay-
ered elasticity in Excel: Pavement analysis tool for 
students and engineers. https://orbit.dtu.dk/en/publi-
cations/ellea1-isotropic-layered-elasticity-in-excel-
pavement-analysis-to.  

Levenberg, E. (2016b). ELLVA1: Isotropic lay-
ered viscoelasticity in Excel (moving load): Ad-
vanced pavement analysis tool for students and engi-
neers. https://orbit.dtu.dk/en/publications/ellva1-
isotropic-layered-viscoelasticity-in-excel-moving-
load-adv. 

Levenberg, E. (2016c). Viscoelastic pavement 
modeling with a spreadsheet. In 8th International con-
ference on maintenance and rehabilitation of pave-
ments, MAIREPAV 2016 (pp. 746–755). 

Levenberg, E. and Kalantari, M. (2025) Inversion 
of asphalt pavement properties from slopes reported 
by the traffic speed deflectometer. Transportation Re-
search Record, Journal of the Transportation Re-
search Board (TRB). Forthcoming. 

Levenberg, E., McDaniel, R. S., & Olek, J. (2009). 
Validation of NCAT Structural Test Track Experi-
ment using INDOT APT Facility. JTRP Technical 
Report FHWA/IN/JTRP-2008/26. 

Levenberg, E., Navarro, A., and Pinori, U. (2025) 
Improved moduli backcalculation of the upper layers 
in asphalt pavements. Journal of Transportation En-
gineering, Part B: Pavements. In press. 

Lukanen, E. O., Stubstad, R., Briggs, R. C., & In-
tertec, B. (2000). Temperature predictions and adjust-
ment factors for asphalt pavement (FHWA-RD-98-
085). Turner-Fairbank Highway Research Center. 

https://orbit.dtu.dk/en/publications/ellea1-isotropic-layered-elasticity-in-excel-pavement-analysis-to
https://orbit.dtu.dk/en/publications/ellea1-isotropic-layered-elasticity-in-excel-pavement-analysis-to
https://orbit.dtu.dk/en/publications/ellea1-isotropic-layered-elasticity-in-excel-pavement-analysis-to
https://orbit.dtu.dk/en/publications/ellva1-isotropic-layered-viscoelasticity-in-excel-moving-load-adv
https://orbit.dtu.dk/en/publications/ellva1-isotropic-layered-viscoelasticity-in-excel-moving-load-adv
https://orbit.dtu.dk/en/publications/ellva1-isotropic-layered-viscoelasticity-in-excel-moving-load-adv


1 INTRODUCTION 

Proactive maintenance planning is a strategic ap-
proach that anticipates potential infrastructure issues 
before they become critical, thus saving significant 
costs in pavement management. Traditional methods 
of pavement evaluation are often resource-intensive 
and time-consuming.  

Proactive maintenance planning involves the 
timely identification of pavement conditions that re-
quire intervention before severe deterioration occurs. 
This approach is designed to minimize the lifecycle 
costs of pavements and extend their service life. By 
anticipating maintenance needs, agencies can allo-
cate resources more efficiently, avoiding costly 
emergency repairs. The integration of proactive 
maintenance planning with modern technology pro-
vides a robust framework for sustainable infrastruc-
ture management. 

Existing literature highlights the significant bene-
fits of proactive maintenance planning in extending 
the lifespan of pavements and reducing overall 
maintenance costs (Shahin, 2005). Studies by Haas 
et al. (2010) emphasize the importance of timely in-
terventions in preventing severe pavement deteriora-
tion. Furthermore, research by McNeil et al. (2014) 
demonstrates the effectiveness of crowdsourcing in 
collecting extensive and diversified data sets for in-
frastructure evaluation. 

Crowdsourcing leverages the collective intelli-
gence and efforts of a large group of individuals to 
perform tasks traditionally handled by designated 

professionals. In the context of pavement evaluation, 
crowdsourcing can facilitate the collection of exten-
sive and diverse data sets from various locations, 
enhancing the comprehensiveness of pavement as-
sessments. 

Gamification has been widely studied in various 
domains for its potential to enhance user engage-
ment and motivation (Hamari, Koivisto, & Sarsa, 
2014). In the context of infrastructure management, 
Mora et al. (2016) explore the application of gamifi-
cation to encourage public participation in data col-
lection. Additionally, the integration of AI in infra-
structure evaluation has shown promising results in 
improving the accuracy of distress detection and 
condition prediction (Voulodimos et al., 2018). 

Artificial intelligence plays a crucial role in the 
automatic detection and classification of pavement 
distress. AI models require large datasets to accu-
rately identify various types of distress and predict 
pavement conditions. However, the lack of extensive 
pavement distress data poses a challenge for training 
these models. Crowdsourced data offers a solution 
by providing diverse and abundant data to enhance 
the performance of AI algorithms. Edge computing, 
a pivotal technology in this framework, has been 
proven to reduce latency and enhance real-time data 
processing capabilities (Shi et al., 2016). The com-
bination of edge computing with AI and 
crowdsourced data collection presents a novel solu-
tion to address the existing gaps in pavement evalua-
tion and maintenance planning. 

Enhancing pavement performance evaluation via crowdsourced 
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ABSTRACT: This paper explores the innovative use of crowdsourced data for pavement evaluation through a 
gamification mobile application based on the ORAN platform. Leveraging proactive maintenance planning, 
this approach aims to substantially reduce costs associated with pavement management. The paper emphasiz-
es the collection and evaluation of pavement data via crowdsourcing and artificial intelligence (AI) to address 
the critical lack of pavement distress data necessary for training AI models for distress detection and pave-
ment condition prediction. Gamification is employed to motivate users to contribute valuable data, processed 
through edge computing for efficient pavement evaluation.  



2 RESEARCH OBJECTIVE 

This paper proposes a novel solution by utilizing 
crowdsourced data through a gamified mobile appli-
cation based on the ORAN platform. This method 
not only democratizes data collection but also har-
nesses the power of AI to provide accurate and time-
ly pavement condition assessments. 

3 RESEARCH METHODOLOGY 

After development of a gamification-based mobile 
application Images or videos taken by the player via 
the mobile app are first analyzed by the system, 
which uses advanced algorithms to process the up-
loaded content. First, the quality of uploaded content 
is evaluated based on the image processing algo-
rithm. The system then detects and classifies various 
pavement distresses present in the images or video 
frames. Next, the user input is validated against AI 
predictions to ensure accuracy. Based on this valida-
tion, scores and rewards are assigned to users, moti-
vating continued participation. The data collected 
through the ORAN platform is communicated to the 
cloud, enabling the creation of a color-coded map 
that demonstrates pavement conditions at the net-
work level. 

To motivate users to participate in data collection, 
the mobile application incorporates gamification el-
ements. Users are divided into two categories: ex-
perts and non-experts. Experts are responsible for 
capturing and labeling pavement distress images 
with specific types and severity levels. Although this 
data is highly valuable, it is less motivating for play-
ers. Non-experts, on the other hand, can contribute 
by taking pictures or videos of pavement distress 
under two options: simply indicating the presence of 
distress or categorizing it into one of five general 
groups. Players receive scores and rewards based on 
the accuracy and relevance of their contributions, 
encouraging continued participation. 

The mobile application allows users to capture 
images or videos of pavement conditions while 
walking or driving. These contributions are analyzed 
using edge computing, which employs lightweight 
and fast deep learning algorithms such as YOLO 
(You Only Look Once). The edge cloud processes 
the data, providing immediate feedback and rewards 
to users, thereby maintaining their engagement and 
ensuring the continuous flow of data via ORAN to 
the cloud for pavement condition demonstration at 
the network level. The workflow of the pavement 
condition assessment process is illustrated in Figure 

1, detailing the sequential steps from media capture 
to score assignment. 
 
4 CROWDSOURCING AND GAMIFICATION 
FOR PAVEMENT DATA COLLECTION 

The proposed mobile application utilizes 
crowdsourcing to gather pavement condition data 
from two types of users: experts and non-experts. By 
incorporating gamification elements, the app moti-
vates users to actively participate in data collection, 
making the process more engaging and enjoyable. 
Expert users, such as civil engineers or trained in-
spectors, can contribute high-quality data by captur-
ing images of pavement distresses and labeling the 
distress type and severity. This data is particularly 
valuable for training AI models but may be less mo-
tivating for users due to its technical nature. To en-
courage participation, the app implements a points 
system and leaderboards, recognizing top contribu-
tors and fostering healthy competition among ex-
perts. Non-expert users, such as the general public or 
citizen scientists, can contribute in two ways: basic 
distress reporting, where users simply indicate the 
presence of a distress on the pavement, and general 
categorization, where users select from five prede-
fined distress groups. Additionally, users can choose 
their data collection method, such as walking mode, 
capturing individual images, or driving mode, re-
cording video footage. The interplay between user 
expertise and data quality in pavement distress re-
porting is presented in Figure 2, providing insights 
into the categorization and reporting accuracy. 

 
 

Figure 1. Pavement condition assessment process. 
 
 
 
 
 
 
 



 
Figure 2. Interplay matrix between user expertise and data 
quality in pavement distress reporting and categorization. 

5 OPEN RADIO ACCESS NETWORK 

Using Open Radio Access Network (ORAN) for da-
ta storage and sharing offers an innovative approach 
to managing crowdsourced pavement image data 
collected through a gamified mobile application. The 
platform engages users to capture and upload pave-
ment images, incentivizing participation through 
gamification elements such as points, rewards, and 
leaderboards. ORAN's decentralized and interopera-
ble infrastructure ensures efficient handling of this 
data by enabling scalable, low-latency storage and 
real-time sharing across multiple stakeholders. This 
setup facilitates seamless collaboration between re-
searchers, road authorities, and developers while 
maintaining data integrity and privacy. By leverag-
ing ORAN's capabilities, the system enhances data 
accessibility and accelerates the analysis of pave-
ment conditions, ultimately supporting more effi-
cient maintenance planning and decision-making. 

To provide real-time feedback and maintain user 
engagement, the application leverages edge compu-
ting capabilities through the ORAN platform. This 
allows for quick processing of captured images and 
videos using lightweight deep learning algorithms 
such as YOLO (You Only Look Once). The edge 
computing system performs tasks such as analyzing 
uploaded images or video frames, detecting and 
classifying pavement distresses, validating user in-
put against AI predictions, and assigning scores and 
rewards to users based on accuracy. This immediate 

feedback loop not only gamifies the experience but 
also helps improve the quality of crowdsourced data 
over time. Figure 3 outlines the research methodolo-
gy employed in this study, offering a structured 
overview of the processes and techniques utilized. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Research methodology. 

 

6 INITIAL RESULTS 

Initial results indicate that players have engaged 
with the gamified mobile application exceptionally 
well, capturing a substantial number of images. The 
app's ability to recognize, evaluate, and score these 
images accurately has proven effective, providing 
immediate feedback and incentives that maintain 
player motivation. This high level of engagement 
and the quality of data collected demonstrate the ap-
p's potential as a significant source of information 
for proactive maintenance planning. Figure 4 show-
cases screenshots of the gamification-based mobile 
application developed on the ORAN platform, high-
lighting its user interface and functionalities. 
 



 

7 LIMITATIONS AND FUTURE WORK 

While the proposed system offers numerous bene-
fits, including increased data volume, diverse data 
sources, cost-effective data collection, real-time 
pavement monitoring, enhanced public engagement, 
and improved AI model performance, it also faces 
several challenges. Ensuring data quality control and 
minimizing false reports from non-expert contribu-
tions are critical concerns. Additionally, robust 
measures must be implemented to protect user pri-
vacy and data security. Sustained user engagement 
over time is essential, requiring long-term strategies 
to keep users interested and participating. Integrating 
the crowdsourced data seamlessly with existing 
pavement management systems presents another 
significant challenge. Future work will focus on re-
fining the gamification elements, enhancing AI algo-

rithms for more accurate distress detection, and de-
veloping methods to integrate crowdsourced data 
with traditional pavement management practices, 
thus ensuring the system's overall effectiveness and 
efficiency. 

8 CONCLUSION 

The use of crowdsourced data for pavement evalua-
tion through a gamification mobile application based 
on the ORAN platform presents a transformative ap-
proach to infrastructure management. By leveraging 
proactive maintenance planning, crowdsourcing, AI, 
and edge computing, this method addresses the criti-
cal data gap and enhances the accuracy and efficien-
cy of pavement condition assessments. The engage-
ment of both experts and non-experts in data 
collection ensures a comprehensive and continuous 
flow of valuable data, ultimately contributing to sus-
tainable and cost-effective pavement management.  
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1 INTRODUCTION 
A coplanar capacitance imaging technology is a 
novel NDT approach. It can measure coplanar ca-
pacitance differences to reconstruct the medium dis-
tribution by an image reconstruction algorithm. In 
contrast to the traditional NDT technologies, it is 
more advanced in recognizing concealed damages. 
This technology brings the benefits of accurate and 
objective visual recognition, fewer environmental 
interferences, and low cost (Zhang and Dai, 2022, 
Jin et al., 2023). Currently, this technology is used 
for identifying damage in structurally ordered com-
posite materials or generally homogeneous materials 
(Gupta et al., 2020, Nassr and El-Dakhakhni, 2009, 
Pan et al., 2022, Wen et al., 2017). But asphalt mate-
rials exhibit heterogeneity. Previous research pri-
marily addressed regular damage shapes and shallow 
depths, rendering these methods suitable only for 
surface damage detection (Shi et al., 2023). Howev-
er, bridge asphalt layers often harbor concealed 
damages at greater depths (8–10 cm). 
Coplanar capacitance imaging technology primarily 
consists of two main methods: a static imaging 
method employing a coplanar array capacitance sen-
sor (CACS) and a dynamic imaging method utilizing 
a coplanar capacitance sensor with a pair of elec-
trodes (SECS) (Zhao et al., 2018, Shi et al., 2024). 
The SECS has a pair of electrodes arranged in paral-
lel. It scans the surface of tested regions to recognize 
the complete and detailed characteristics of con-

cealed damages (Nassr and El-Dakhakhni, 2009). It 
has high imaging accuracy for concealed damage in 
asphalt materials (Shi et al., 2024). Nevertheless, the 
acquisition of coplanar capacitance and the back-
calculation process for imaging are too complicated. 
It is difficult for the dynamic imaging method using 
SECS to image and identify concealed damages in a 
large detected area (Pan et al., 2022). While the 
CACS has primarily three configurations arranged in 
grid patterns of 8, 12, and 16 electrodes. It has great 
detection efficiency in a large tested region (Gupta 
et al., 2020). The static imaging method with CACS 
can reconstruct images with different degrees of arti-
facts. It is difficult to recognize concealed damages 
accurately (Zhao et al., 2018). Furthermore, the stat-
ic detection using the CACS has a blind region (Yan 
et al., 2021). In other words, it is difficult to identify 
concealed damages in a particular location. Thus, a 
dynamic coplanar capacitance imaging method uti-
lizing a novel mobile coplanar array capacitance 
sensor (MCACS) combines the advantages of the 
above two methods. It has the potential to have rela-
tively high imaging accuracy and great detection ef-
ficiency for concealed damages in asphalt layers. 
The goal of this research is to propose a dynamic 
coplanar array capacitance imaging method for iden-
tifying concealed damages in asphalt materials. The 
primary contributions of dynamic coplanar array ca-
pacitance imaging for asphalt materials with con-
cealed damages are delineated in three parts: (a) 
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constructing the dynamic sensitivity field distribu-
tion to determine the optimal dynamic sensitivity 
layer; (b) analyzing the normalized dynamic copla-
nar capacitance of measured electrode pairs; and (c) 
reconstructing the dielectric constant distribution of 
concealed damages in asphalt materials to identify 
relative depth, types, and shape characteristics of 
concealed damages. 

2 METHODS 

2.1 Coplanar capacitance imaging theory 
Coplanar capacitance imaging technology is a meth-
od for determining the distribution of measured ob-
jects that employs the fringing electric field generat-
ed by a coplanar capacitance sensor (Sun et al., 
2020). When a voltage is applied to an excitation 
electrode, a fringing electric field forms below the 
sensor, as depicted in Figure 1. The distribution of 
electric field lines within the measured object con-
taining concealed damages is altered due to differing 
permittivity compared to the object without con-
cealed damages (Sun et al., 2022, Li et al., 2023). 
Therefore, the sensing electrode pairs can measure 
the change in the capacitance signal to back-
calculate the dielectric constant distribution of tested 
regions with concealed damages (Dalton et al., 2023, 
Wang et al., 2021). This technology contains for-
ward and inverse problems (Sun et al., 2021). The 
forward problem is to compute the coplanar capaci-
tance vector based on the known permittivity distri-
bution (Suo et al., 2023). The inverse problem infers 
the permittivity distribution according to the meas-
ured capacitance (Lei and Liu, 2020). The coplanar 
capacitance of measured electrode pairs can be ex-
pressed as a function of the dielectric constant dis-
tribution ( ). 
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Figure 1 The distribution of electric field line. 

2.2 Dynamic coplanar array capacitance imaging 
system 

Figure 2 depicts the dynamic coplanar array capaci-
tance imaging system. The complete procedure for 
this system includes four parts: (a) MCACS dynamic 
detection. The MCACS scans the tested region in 
transverse scanning mode; (b) Dynamic coplanar 
capacitance acquisition. The LCR meter measures 
and transmits dynamic coplanar capacitance to the 
processor; (c) Dynamic sensitivity field matrix solu-
tion. The FEM approach solves the dynamic sensi-
tivity field matrix of the tested asphalt material re-
gion; (d) Permittivity distribution imaging. The 
dynamic sensitivity matrix and dynamic coplanar 
capacitance are used to reconstruct the dielectric 
constant distribution using an imaging reconstruc-
tion algorithm to identify the concealed damages in 
asphalt materials. 
 

Permittivity distribution 
imaging

Dynamic coplanar capacitance 
acquisition

Dynamic sensitivity field matrix 
solution

MCACS dynamic detection

 
Figure 2 Dynamic coplanar array capacitance imaging system 

2.3 Dynamic sensitivity field construction 

The tested region is the surface of the entire asphalt 
material specimen. It is also known as the scanning 
region. When the MCACS is positioned initially, the 
matrix ( 1S ) represents the static sensitivity field dis-
tribution in the 1th  scanning step. In the Kth  
scanning step, the static sensitivity field distribution 
matrix is KS . In the -1K th  scanning step, the dy-
namic sensitivity field distribution matrix is denoted 
as 1DKS − . In the Kth  scanning step, the dynamic 
sensitivity field distribution matrix denotes DKS . 

2.4 Dynamic detection 

Dynamic detection based on the MCACS employs a 
transverse scanning mode. As illustrated in Figure 3, 
the MCACS initially positions itself to the left of the 
tested region. The MCACS scans horizontally until 
its right side aligns with the boundary of the tested 
region, at which point the scan concludes. 



 
 

Figure 3 Dynamic detection process 

3 RESULTS 
The concealed damage is imaged based on the above 
analysis of the dynamic sensitivity field distribution 
and dynamic coplanar capacitance, as depicted in 
Figure 4. Circle, square, and triangle damages corre-
spond to 35mm, 25mm, and 15mm thickness, re-
spectively. Redder damage images indicate deeper 
damages, while bluer damage images signify shal-
lower damages. It illustrates that the dynamic copla-
nar array capacitance imaging method can identify 
the relative depth of concealed damages in asphalt 
materials. 
 

 Reconstructed damages 
in asphalt mastics 

Reconstructed damages 
in asphalt mixtures 

Moisture 
damages 

  

Void 
damages 

  

Figure 4. Dynamic imaging results of concealed damages in 
asphalt materials. 
 
The shape characteristics of concealed damages in 
asphalt materials can be identified. But there are dif-
ferences in imaging accuracy. Table 1 shows the dy-
namic imaging accuracy of concealed damages in 
asphalt materials. Square damages exhibit the high-
est imaging accuracy, benefiting from their location 
in the region with the most uniform sensitivity field 
distribution within the dynamic sensitivity field. Cir-
cle damages follow, positioned similarly to triangle 
damages but with greater relative depth. Triangle 
damages demonstrate the lowest accuracy. Thus, the 
dynamic coplanar array capacitance imaging method 

can effectively identify the shape characteristics of 
concealed damages in asphalt materials. 
 
Table 1.  Dynamic imaging accuracy of concealed 
damages in asphalt materials. 
The tested 
objects 

Damage 
types 

Damage 
shapes 

SSIM  PCCs  

Asphalt 
mastics 

Void 
damages 

Circle 0.596 0.675 
Square 0.625 0.743 
Triangle 0.540 0.631 

Moisture 
damages 

Circle  0.605 0.709 
Square 0.649 0.765 
Triangle 0.557 0.675 

Asphalt 
mixtures 

Void 
damages 

Circle  0.583 0.646 
Square 0.613 0.729 
Triangle 0.522 0.603 

Moisture 
damages 

Circle 0.620 0.731 
Square 0.656 0.783 
Triangle 0.584 0.692 

 
The normalized dynamic coplanar capacitance of the 
concealed damage in asphalt material ranks from 
highest to lowest as follows: moisture damages in 
asphalt mixtures, moisture damages in asphalt mas-
tics, void damages in asphalt mastics, and void dam-
ages in asphalt mixtures. Therefore, Table 1 indi-
cates that the imaging quality of the concealed 
damage in asphalt materials is from lowest to high-
est: void damages in asphalt mixtures, void damages 
in asphalt mastics, moisture damages in asphalt mas-
tics, and moisture damages in asphalt mixtures. In 
addition, some artifacts are present between neigh-
boring concealed damages within the measured re-
gion. It is illustrated that the dynamic coplanar array 
capacitance imaging method can identify different 
asphalt materials with various concealed damages. 

4 CONCLUSIONS 

This research provides the first report of a dynamic 
coplanar array capacitance imaging method for as-
phalt materials with concealed damages. The main 
findings of this investigation are summarized as fol-
lows: 
(a) Circular damages exhibit the greatest normalized 
dynamic coplanar capacitance, followed by square 
and triangle damages. The normalized dynamic co-
planar capacitance decreases as the relative depth of 
concealed damage increases. 
(b) The dynamic coplanar array capacitance imaging 
method can effectively identify the relative depth 
and shape characteristics of concealed damage in as-
phalt materials. Redder damage images indicate 
deeper damages. Square damages demonstrate the 
highest imaging accuracy, followed by circle and 
triangle damages. 
(c) The dynamic coplanar array capacitance imaging 
method can identify different asphalt materials with 



various concealed damages. The imaging accuracy 
of the concealed damage in asphalt materials ranks 
from lowest to highest: void damages in asphalt 
mixtures, void damages in asphalt mastics, moisture 
damages in asphalt mastics, and moisture damages 
in asphalt mixtures. 
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1 INTRODUCTION 

Effective pavement management is important to 
maintain the performance of pavements with mini-
mum investments. To effectively manage road net-
works, accurate structural health information of 
pavements is necessary. A promising approach to 
obtain the structural health information is to non-
destructively measure pavement surface response by 
using traffic speed deflection devices, such as the 
Traffic Speed Deflectometer (TSD). With the in-
creasing application of the TSD test, corresponding 
theoretical and practical studies are becoming popu-
lar. However, in the theoretical modelling process, it 
is common to only consider the measuring wheel of 
the TSD device, while neglecting the effect of other 
wheels on pavement response. This simplification 
inevitably introduces errors in the process of param-
eter identification of pavements based on TSD 
measurements. The identified parameters with errors 
could lead to inaccurate maintenance and rehabilita-
tion plans of road networks. To solve this problem, 
this study focuses on the load superposition effect in 
the TSD test to draw the attention of researchers. 
This work helps formulate more accurate parameter 
identification techniques for the TSD test and con-
tributes to more effective management of pave-
ments. 

2 THEORETICAL MODELLING OF TSD TESTS 

In the TSD test of pavements, a truck equipped with 
sensors is used to measure the surface response of 
pavements caused by moving wheel loads. There are 
two important loading axles on the TSD device, and 
each axle has a pair of tires at each end. In the pro-

cess of theoretical modelling, the pavement was 
considered as a structure with multiple layers, and 
the TSD load was considered as a uniform load that 
moves on the surface of the structure with a constant 
speed. Subsequently, a Spectral Element Method-
based procedure shown in Sun et al. (2019) was fol-
lowed to develop a theoretical model for the TSD 
test, which was implemented into a computer pro-
gram called PaveMove. In the PaveMove software, 
the number of pavement layers, the properties of 
each layer, and the loading configuration can be de-
fined by users. Each pavement layer can be consid-
ered to be purely elastic, elastic with hysteretic 
damping, or viscoelastic. In addition, the applied 
load can be a pair of tires (1/2 axle), two pairs of 
tires (1 axle), or four pairs of tires (2 axles); each tire 
has a constant pressure and a rectangular contact ar-
ea with the pavement surface. 
 
To simulate the effect of hysteretic damping, the fol-
lowing complex Young’s modulus Ê(ω) defined in 
the frequency domain was used: 

( ) ( )ˆ 1 2i sgnE E  = +    (1) 

where E is the Young’s modulus, i is the imaginary 
unit satisfying 2i 1= − , ξ is the damping ratio, sgn(∙) 
is the signum function, and ω is the angular frequen-
cy. It should be noted that the damping ratio can be 
set to zero to simulate the behaviour of purely elastic 
materials. In addition, for viscoelastic materials, the 
frequency domain-defined complex Young’s modu-
lus Ê(ω) of the 2S2P1D model was used (Sun et al., 
2022): 
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 ABSTRACT: Devices that can evaluate the structural health of pavements at traffic speeds, such as the Traf-
fic Speed Deflectometer (TSD), have become increasingly popular because of their high measuring efficien-
cy. Concurrently, there has been a growing body of research focused on the theoretical understanding and 
practical application of the TSD test. However, few studies have considered the load superposition effect 
when conducting theoretical modelling of the TSD test, which introduces errors in the parameter identifica-
tion process. Hence, this study investigated the effect of load superposition on pavement response during the 
TSD test using a self-developed software called PaveMove. The results showed that, for pavements with flex-
ible base, the TSD deflection-based parameter identification requires the consideration of the whole TSD 
load, while the TSD slope-based parameter identification has more degrees of freedom in load patterns. In 
contrast, for pavements with (semi-)rigid base, both the TSD deflection- and slope-based parameter identifi-
cation require the consideration of the whole TSD load. The presented work paves the way to develop more 
accurate parameter identification techniques for the TSD test, which ultimately contributes to more effective 
management of road networks. 



in which E0 is the static modulus, E∞ is the glassy 
modulus, kp and hp are dimensionless exponents with 
a relationship 0<kp<hp<1, ζ is a positive dimension-
less constant, τ is the characteristic time that depends 
only on temperature, and β is a dimensionless con-
stant. 
 
The calculation of pavement response caused by 
TSD loads is basically a moving load problem, 
which is more convenient to be solved in a coordi-
nate system that moves along with the TSD device. 
In the moving coordinate system, the response of 
some fixed points is measured by sensors installed 
on the TSD. 

3 MODEL VALIDATION 

After the development of the PaveMove software, its 
performance to simulate the TSD test of pavements 
should be validated. To achieve this goal, a case 
shown in Figure 3 of Nielsen (2019) was used for 
comparison. In PaveMove, the following parameters 
are used to simulate the TSD load: 
• The driving speed of the TSD device is 22.2 m/s 

(80 km/h); 
• The magnitude of the tire pressure is 800 kPa; 
• Each tire has a rectangular contact area with the 

pavement surface, the dimensions of the contact 
area are 0.1276 m times 0.24 m; 

• A pair of tires is used, the distance between the 
two tires is 0.11 m. 
The configuration and loads of axles are the same 

as those shown in Sun et al. (2023). In addition, the 
structural parameters of the considered pavement are 
shown in Table 1. 
Table 1. Structural parameters of the considered pavement. ______________________________________________ 
Layers    E   ξ   ν   ρ   h   _________________________________ 
      MPa  –   –   kg/m3 m ______________________________________________ 
Surface    5000  0.25  0.35  2000  0.1 
Base     400  0.15  0.35  2000  0.3 
Subgrade   100  0.10  0.35  2000  ∞ ______________________________________________ 
Note: E is Young’s modulus, ξ is damping ratio, ν is Poisson’s 
ratio, ρ is density, and h is thickness. 
 

 
Figure 1. Results of model validation. 

The comparison between results obtained from 
PaveMove and those in the reference is shown in 
Figure 1. It can be seen that the results match well 
with each other, which validates the good perfor-
mance of the developed PaveMove software. 

4 LOAD SUPERPOSITION EFFECT IN TSD 
TESTS ON PAVEMENTS WITH FLEXIBLE 
BASE 

A commonly used type of pavements is pavements 
with flexible base. Hence, the load superposition ef-
fect in the TSD test on this type of pavements is in-
vestigated in this section. Results obtained from a 
purely elastic model and a viscoelastic model are 
presented. 
4.1 Purely elastic model 
In this part, a purely elastic model was used to simu-
late a pavement with flexible base. For this pave-
ment, the Young’s modulus of the surface layer is 
3000 MPa, the damping ratios of all layers are zero, 
and other structural parameters are the same as those 
shown in Table 1. The calculated surface vertical de-
flections and corresponding slopes are shown in 
Figure 2. 

 

 
(a) Surface vertical deflections 

 
(b) Slopes of surface vertical deflections 

Figure 2. Results obtained from the purely elastic model for the 
pavement with flexible base. 



The results show that the load superposition effect is 
significant for vertical deflections under the TSD 
measuring wheel, especially the superposition effect 
caused by the pair of tires on the same axle. Howev-
er, the load superposition has a slight effect on the 
slopes of vertical deflections. These results indicate 
that, if vertical deflections are used for parameter 
identification, the use of the whole TSD load in the-
oretical modelling is necessary to reduce errors in 
identified parameters. However, if slopes of vertical 
deflections are used for parameter identification, the 
use of the whole TSD load or not will cause a slight 
difference in identified parameters. It is also found 
that vertical deflections obtained from purely elastic 
model become asymmetric when considering two 
axles because of the load superposition effect. 
4.2 Viscoelastic model 
In this part, a viscoelastic model was used to simu-
late a pavement with flexible base. For this pave-
ment, the surface layer is considered to be viscoelas-
tic, and its behaviour is simulated by using the 
2S2P1D model with the following parameters: E0 = 
250 MPa, E∞ = 45400 MPa, kp = 0.175, hp = 0.55, ζ 
= 2.0, τ = 3.855×10-4 s, and β = 320. Other parame-
ters are the same as those shown in Table 1. The cal-
culated surface vertical deflections and correspond-
ing slopes are shown in Figure 3. 

 
(a) Surface vertical deflections 

 
(b) Slopes of surface vertical deflections 

Figure 3. Results obtained from the viscoelastic model for the 
pavement with flexible base. 

The results show that vertical deflections under TSD 
measuring wheel have the maximum value behind 
the wheel centre and decrease quicker in front of the 
wheel. This asymmetry is caused by both the damp-
ing effect and the load superposition effect. The ef-
fect of load superposition on vertical deflections and 
corresponding slopes is similar to the case of purely 
elastic model. 

5 LOAD SUPERPOSITION EFFECT IN TSD 
TESTS ON PAVEMENTS WITH RIGID BASE 

In engineering practice, when the traffic load is 
heavy and/or the subgrade is weak, the use of pave-
ments with (semi-)rigid base is necessary (Sun et al., 
2023). Hence, the load superposition effect in the 
TSD test on this type of pavements is studied in this 
section. The considered pavement has a rigid base 
with Young’s modulus of 10000 MPa, while other 
parameters are the same as those used in Section 4 
for different models. 
5.1 Purely elastic model 
In this part, a purely elastic model was used to simu-
late the pavement with rigid base. The calculated 
surface vertical deflections and corresponding slopes 
are shown in Figure 4. 
 

 
(a) Surface vertical deflections 

 
(b) Slopes of surface vertical deflections 

Figure 4. Results obtained from the purely elastic model for the 
pavement with rigid base. 



The results show that, compared with pavements 
with flexible base, the maximum vertical deflection 
of pavements with rigid base is smaller because of 
higher overall stiffness. Furthermore, vertical deflec-
tion curves of pavements with rigid base are “flatter” 
than pavements with flexible base. Moreover, slope 
curves of vertical deflections for the rigid base case 
are not as smooth as the flexible base case, which 
can cause difficulty in the process of parameter iden-
tification based on slopes. In addition, the load su-
perposition has a significant effect on both vertical 
deflections and corresponding slopes, especially the 
effect caused by the pair of tires on the same axle as 
the TSD measuring wheel. Hence, to achieve accu-
rate parameter identification based on vertical de-
flections or corresponding slopes of pavements with 
rigid base, the consideration of the whole TSD load 
is necessary. Similarly, the consideration of two ax-
les also causes asymmetry in vertical deflections. 
5.2 Viscoelastic model 
In this part, a viscoelastic model was used to simu-
late the pavement with rigid base. The calculated 
surface vertical deflections and corresponding slopes 
are shown in Figure 5. The obtained results are simi-
lar to the case of purely elastic model except for the 
damping effect, which causes the delay of maximum 
values and asymmetry in vertical deflections. 

 
(a) Surface vertical deflections 

 
(b) Slopes of surface vertical deflections 

Figure 5. Results obtained from the viscoelastic model for the 
pavement with rigid base. 

6 CONCLUSIONS AND RECOMMENDATIONS 

The Traffic Speed Deflectometer (TSD) test has 
emerged as a promising tool for efficient structural 
health evaluation of road networks, and correspond-
ing research is increasing quickly. However, the the-
oretical modelling of the TSD test often only con-
siders the measuring wheel while neglecting the load 
superposition effect. This paper addresses this limi-
tation by highlighting the load superposition effect 
in the TSD test. Based on the obtained results, the 
following conclusions can be drawn: 
• For pavements with flexible base, the TSD de-

flection-based parameter identification requires 
the consideration of the whole TSD load, while 
the TSD slope-based parameter identification has 
more degrees of freedom in load patterns. 

• For pavements with (semi-)rigid base, both the 
TSD deflection- and slope-based parameter iden-
tification require the consideration of the whole 
TSD load. 
 
The presented work gives a better understanding 

of the load superposition effect in the TSD test, 
which promotes the development of more accurate 
parameter identification techniques for the TSD test 
(or similar tests). In future work, it is recommended 
to formulate a parameter identification technique for 
the TSD test with robust practical performance, 
which can be further integrated into a digital twin of 
pavements to achieve more effective pavement man-
agement. 
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