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ABSTRACT: The performance of unbound granular materials (UGMs) made from crushed rock plays a critical
role in the service life of roads. While experimental evidence indicates that aggregate crushing and abrasion
significantly affect UGM stiffness and permanent deformation, the precise relationship between aggregate
strength and UGM performance remains unclear. This is particularly important when using aggregates of mar-
ginal strength in road construction. This study investigates the impact of aggregate breakage on UGM behavior
under triaxial loading, using the Discrete Element Method (DEM) for computational analysis. The model ex-
amines how aggregate breakage influences UGM response for two different types of aggregates. The DEM
results are compared with experimental data from the literature. Findings show that particle fracture signifi-
cantly influences the maximum deviatoric stress that the UGM can endure under two different confining pres-
sures, highlighting the importance of aggregate strength in determining UGM performance.

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 a new Dis-
crete Element Method (DEM) modelling framework
to model the aggregate breakage in UGMs. The

framework was shown to capture accurately the ef-
fects of aggregate gradation, fracture toughness and
load level on aggregate crushing in UGMs subjected
to uniaxial compressive loads. Presently, the model-
ling approach is extended to triaxial loading condi-
tions and the DEM prediction are compared to the ex-
perimental results by Rahman & Erlingsson (2013).
The developed model is used to investigate the influ-
ence of aggregate breakage on UGM response to tri-
axial 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, PFC3D™ (ltasca 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 (u) and damp-
ing (n) coefficients. The model geometry is illustrated
in Figure la along with the loading and boundary



conditions used. The boundary of the system is gen-
erated by the confining cylinder which consists of
three components. The radial wall represents latex
membrane with a shear modulus of 1 GPa as imple-
mented 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 bottom wall is zero through the simulation. Top
and bottom walls are assigned a stiffness 200 times
higher than the particles to represent rigid bodies. The
friction 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, o, 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 a.. The deviatoric stress, g, is cal-
culated as the difference between the stress applied 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 7, as introduced by PFC3D™, 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 — F, = 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. E, = Fn is the damping force.

Figure 1. a) DEM model of UGM at o, = 10 kPa and g, = 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, Fu, is derived as a
function of overlapping, h, between particles, and
their relation is expressed in three stages, as shown in
Eq. (1). The first stage represents the crushing of sur-
face asperities where the relation between h and Fy is
observed to be linear until the depth of surface asper-
ity, hs. Subsequently, Fn follows Hertz contact theory
until the indentation depth h.. which corresponds to
the onset of shear driven damage, resulting in linear
relation between Fy and h. The values of hs and hi are
reported as 0.02 and 0.08 mm, respectively (Cervera,
et al., 2017). This result in the following normal
contact model:
h < hg

(Fs/hs)h,

Fy = {kp (h—hy)'s, hg <h<h, (1)
ky (hy, — )™ + 1.5 ky \Jh, —hy (h—hy), h, <h
where Fs=100 N (Ro/ 6.25 mm)°®. The effective con-
tact radius is denoted as Ro = (1/R1+1/R2)™* where Ry
and R2 represent the radius of the overlapping parti-
cles, and hy = hs - (Fs/kp)?®. The contact stiffness is
ko, and given by Hertz (1882) contact theory as fol-

lows:

ky = (2/3)EesfRY® 2

where the effective Young’s modulus between parti-
cles in contact is represented as Eerr = ((1-V12)/E1 + (1-
V22)/E2)L, with Ei2 and vi,, 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, Fy, is
essential. The fracture forces are assigned based on a
Weibull weakest link approach that accounts for two
sources of variability in aggregates strength: size de-
pendency and aggregate shape. The cumulative den-
sity function for critical fracture forces, S, is pre-
sented in Eq. (3).
R co _(F—fzf)mﬁ
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where gy, and m are the material parameters, and Ry,
and Ry, represent the half of smaller and larger size
respectively. The reference volume, V., is intro-
duced for dimensional consistency. The stress distri-
bution within an aggregate is presented as o(x). The
probability distribution for the particle size, p(R),
and for particle shape, p(§), are given by:

P(R) = et @
p(§) =& exp[—¢"] (5)



where n controls the scatter of the fracture force dis-
tributions, lp determines the median value of | which
represents the stress state of an aggregate as shown:

I=[,6x)dV (6)
where o(x) = 6(x)Fy/R? and V = V R? are the nor-
malized variables.

The particle will fracture when Fy exceeds F+ for a
given contact pair. Once this condition is met, the
Young’s modulus of the particle is reduced according
10 Efracturea = CwEinitiar, Where Gy, is a weakening
coefficient, and Ejnitiqr and Efpgerurea denote the
Young’s modulus of the particle before and after frac-
ture, respectively. The range of Cy, is between 0 and
1. This coefficient is applied to simulate the local set-
tling that occurs after a particle fractures. According
to Eqg. (3) — (6), the distribution of Fy is defined by
three material parameters: ay,, m and n. While post-
fracture behavior of the particle is defined by Cy, .

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.
Einitiat,» Cw, density,p, Poisson’s ratio, v, gy, 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.

Eitia Cw  ow m n v o p
GPa - MPa - - g/cm?
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, 150 mm diameter and
approximately 300 mm height.The gradation of the
UGM followed the theoratical Fuller curve, G, =
(d/dq)%°, Where d represents the aggregate size,
dmax 1S the maximum aggregate size and Gy, is the cu-
mulative 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 u = 0 and n = 0.1. Once

particles are settled on the bottom of the cylinder, u
is set to 0.7, following Olsson et al. (2019a) and
Etikan et al. (2024). Two levels of confinement stress,
oc =10 and 20 kPa are simulated. For each o, the
simulations are conducted with and without particle
breakage, in order to examine the effect of breakage
on UGM performance. Furthermore, for g, = 20
kPa, triaxial test is also conducted with fracture force
model parameters adjusted to represent marginal ag-
gregates: m=6.51, oy,=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).
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Figure 2. Gradation used in experiments and in DEM model.
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4 RESULTS AND DISCUSSION

The simulation results of monotonic triaxial tests
compared to experimental results by Erlingsson &
Rahman (2013) in Figure 3, where g, is show as a
function of UGM’s vertical strain, €,. Firstly, it may
be seen that experimental and modelling results ex-
hibit qualitatively similar behaviors. The measure-
ments reach the maximum o, at approximately 1.1
and 1.2% of strain for o, = 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 o,; 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 o, = 20 kPa models, the maximum g, 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 o = 10 kPa align
with measured maximum a,;. 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 o, 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 o, = 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 o, as shown in Figure 4 and 5.
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Figure 3. Deviatoric stress vs. axial strain of the loading head.
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Figure 4. Fractured particle ratio vs. deviatoric stress.
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Figure 5. Distribution of fractured particles (pink) in UGM with
weak aggregates, at g, = 20 kPa and maximum a,, a) particles,
b) contact force 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 a,. However, it increases to approxi-
mately 8% for the UGM with weak fracture resistance
at maximum a,. A drastic increase in particle fracture
can be observed for UGM with weak and strong frac-
ture resistance at a; > 500 kPa, and g, > 900 kPa for
at o, = 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 a 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. Regarding the
evaluation of unbound materials containing marginal
aggregates, it should be noted that these aggregates
may exhibit greater shape variation compared to
standard aggregates. Consequently, the effect of ag-
gregate shape will be explored in future studies, for
example, by incorporating clumps in DEM to repre-
sent non-spherical particles.
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