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ABSTRACT
Mineral aggregates are themain constituent of asphaltmixtures by volume,
having a significant influence on the performance and durability of asphalt
materials and flexible pavements, but their elastic stiffness properties are
rarely investigated in the scientific literature. Nevertheless, these proper-
ties represent important input tomicromechanicalmodelswhich are aimed
at providing a better understanding of the behaviour of asphalt mixtures
as the basis for optimising their design. Herein, the elastic properties of 55
cylindrical specimens representing six types of rock from two quarries are
investigated using ultrasonic testing, in order to assess the variation of the
results between different rock types and between different samples of the
same rock type as well as the sensitivity to specimen length (50–150mm)
and frequency (0.05–5.00MHz). Most of the elastic stiffness values of the
investigated rocks are found to be larger than stiffness values frequently
used as input to micromechanical models.
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1. Introduction

The material properties of asphalt mixtures depend on the proportion and the properties of two
microstructural constituents: the asphalt binder (bitumen) and the mineral aggregates. Although the
asphalt binder makes only 4–5 weight percent of typical asphalt mixtures, it is mostly responsible for
their time-, temperature-, and age-dependent properties. Thus, extensive past and ongoing research
has been dedicated to achieve a better understanding of the performance and behaviour of asphalt
binders. The determination of the rheological properties of bitumen using the dynamic shear rheome-
ter (DSR) has been established as a widely accepted laboratory test method (e.g. AASHTO T315, 2013;
EN, 147702012). However, themechanical properties of themineral aggregates in asphaltmixtures are
rarely investigated, and particularly so their elastic stiffness. European standards place requirements
on geometrical, physical, chemical and other properties of the aggregates, ensuring that only suitable
materials of high quality are used to construct pavements with the necessary performance, durabil-
ity, and skid-resistance characteristics. Common aggregate tests evaluate gradation, percentage and
quality of fines, coarse aggregate angularity, percentage of fractured particles, particle shape charac-
terisation, polishing, LosAngeles abrasion,water absorption, affinity, andothers (EN, 13043 2002; Little
et al., 2018; Nikolaides, 2015). Nevertheless, the stiffness of the asphaltmixtures increaseswith increas-
ing stiffness of the aggregate, and this effect becomes particularly important at low temperatures and
high loading frequencies.
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There are several possible reasons as to why themechanical properties (e.g. stiffness) of the aggre-
gates are often not investigated. First, the performance of the asphalt mix is mainly dependent on
the behaviour of the asphalt binder (Little et al., 2018). The emphasis in current asphalt mix design
approaches is on the choice of binder and aggregate gradation, while the selection of specific aggre-
gate type is a question of local availability, in order to keep transportation distances short and, hence,
the associated costs low. Second, there is no standard method for the determination of the stiffness
of aggregates in asphalt mixes. Third, in contrast to the binder, the aggregate component in the
same asphalt mixture might be very heterogeneous due to different aggregate sources (e.g. natu-
ral, industrial, recycled), different rock types, different mineral composition (also for the same rock
type), and different particle sizes. Consequently, this might be the cause of a significant variation of
the mechanical properties within the aggregate phase.

The purpose of the present paper is to provide quantitative experimental access to the elastic
properties of several typesof aggregate, noting that theseproperties are requiredas input tomicrome-
chanics models of asphalt mixtures. To achieve this goal, ultrasonic measurements are conducted on
55 rock specimens representing different types of rocks used for the production of asphalt mixtures.
Section 2 discusses existing literature reporting the stiffness of mineral aggregates in the context of
micromechanical modelling. Section 3 provides a description of the investigated aggregates. Section
4 contains the results of the ultrasonic tests. Section 5 is devoted to a discussion of the findings and
their implications for micromechanical modelling of asphalt mixtures.

2. Literature review

Thegoal ofmix andpavement designoptimisation is to produce asphaltmixtures andpavementswith
superior performance regarding common failure mechanisms like fatigue cracking, rutting (perma-
nent deformation) and low-temperature cracking. The complex stiffness modulus is a key parameter
used to describe the frequency and temperature dependent material behaviour of different asphalt
layers in flexible pavement design. However, the costly and time-consuming laboratory tests for deter-
mination of the stiffness of asphalt mixtures are not always feasible or necessary depending on the
complexity of the project. For this reason, models for prediction of asphalt stiffness based on the
behaviour of the constituents and the volumetric properties of the mix have been the focus of exten-
sive research. The stiffness predictionmodels can be classified into empirical andmechanistic models.
The current mechanistic-empirical design methods for flexible pavements in the USA and Austria
(among others) rely on calibrated empirical models for prediction of the complex modulus of asphalt
mixtures (AASHTO, 2015; Eberhardsteiner & Blab, 2017). These models are derived using extensive
laboratory datasets linking the stiffness of the asphalt mixture to the behaviour of the binder and
the volumetric properties of the mix. Many different techniques based on nonlinear regression or
machine-learning algorithms were developed during the years to improve the prediction quality of
the models or to extend their applicability to new materials and/or larger temperature ranges. The
majority of these models consider only the gradation as input regarding mineral aggregates (e.g. Bari
& Witczak, 2006; Ceylan et al., 2009; El-Badawy et al., 2018; Golafshani & Behnood, 2018; Gong et al.,
2021; Sakhaeifar et al., 2010). Although Singh et al. (2013) included the geometric properties of the
aggregates (e.g. shape, angularity, etc.), their study also did not account for themechanical properties.
Notably, the original semiempirical Hirschmodel incorporates a fixed aggregatemodulus of 29.4 GPa,
which was later replaced by a linear regression equation for prediction of aggregate stiffness using
solely the aggregate bulk specific gravity as an explanatory variable (Christensen & Bonaquist, 2015).

In contrast to empirical models, mechanistic (multi-scale) models based on the microstructure of
asphalt mixtures consider the stiffness properties of both main constituents – bitumen and aggre-
gates. The microstructure-based models can be further divided into numerical finite element or
discrete element models (Allen et al., 2017; Arshadi & Bahia, 2015; Coleri et al., 2012; Fakhari Tehrani
et al., 2018; Hernandez et al., 2018; Khan et al., 2021; Kollmann et al., 2019; Sawda et al., 2019; You
et al., 2008) and analytical continuum-based models using homogenisation theory (Eberhardsteiner
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Table 1. Experimentally determined stiffness moduli of aggregates used for asphalt mixtures, as found in the literature.

Rock type Test method Aggregate modulus (GPa) Reference

Limestone 1 Uniaxial compression (0.05–10 Hz) 32–36 You and Dai (2007)
Limestone 2 Uniaxial compression (0.05–10 Hz) 83–88 You and Dai (2007)
Diorite Ultrasonic 60 Fakhari Tehrani et al. (2018)
Limestone Ultrasonic 70 Sawda et al. (2019)
Granite Nanoindentation 58 Barbhuiya and Caracciolo (2017)
Limestone Nanoindentation 68 Karki et al. (2015)
Basalt Nanoindentation 55 Yi et al. (2021)
– Nanoindentation 30 Khan et al. (2021)

et al., 2015a; Kim & Buttlar, 2010; Pichler et al., 2012; Yin et al., 2008; Zhang et al., 2018). Typically,
the continuum-based models assume regular geometry of the aggregates (spherical, cylindrical or
ellipsoidal), while the finite-element approach allows for more realistic representation of aggregates
angularity, shape, and sizes. Regardless of the nature of the usedmodel, the aggregate phase is always
modelled as an isotropic linear elastic material.

In the majority of above-mentioned studies, the elastic modulus of the aggregate phase is set to
50–60GPa and more seldom to 25–30GPa. The values are based either on assumptions without a
specific reference, on typical values from geology textbooks or on a very few studies where the mod-
ulus was actually measured. You and Dai (2007) examined two types of limestone through uniaxial
compressive tests at frequencies between 0.05 and 10Hz, obtaining an average complex modulus
of 55.5 GPa. Fakhari Tehrani et al. (2018) and Sawda et al. (2019) employed ultrasonic testing and
determined an average elastic modulus of 60 and 70GPa for diorite and limestone samples, respec-
tively. These studies, however, donotprovide additional informationabout themeasurements and the
evaluation. Furthermore, nanoindentation has gained popularity as a method allowing for the deter-
mination of the stiffness values of individual aggregate particles (Barbhuiya & Caracciolo, 2017; Karki
et al., 2015; Khan et al., 2021; Yi et al., 2021). A summary of the measured aggregate moduli in these
studies are presented in Table 1. In addition, typical values for the mechanical properties of intact
rocks are given in Wang (2011). The mean values of the elastic modulus are in the range 29–88GPa
but, according to the author, the values for crushed aggregates produced from these rocks should
be higher due to the reduced porosity. Schön (2015) also provides typical values for the mechanical
properties of selected rock types as well as wave velocities for both rocks and common rock-forming
minerals.

3. Materials

3.1. Specimen preparation

The main goal of this paper is to quantify the absolute values and the variability of the stiffness
of mineral aggregates used in asphalt concrete. These stiffnesses are required input to an ongoing
micromechanical modelling study which includes more than 45 different asphalt mixtures. Most of
these mixtures contain aggregate materials from two quarries in Austria. In the course of the study,
large stones were collected from different areas in both quarries with the goal to obtain representa-
tive samples from the petrographical point of view. Multiple stones were taken from the same rock
type, whereby assumptions about the rock type were based on visual appearance, preliminary infor-
mation, and the location in thequarry. Subsequently, cylindrical specimenswith 50mmdiameterwere
extracted from the stones in the laboratory using a diamond core drilling equipment. The choice of
diameter size was motivated by several factors, including the separation-of-scales requirement (see
Section 4.2), limitation of the drilling equipment (smallest possible diameter was 50mm), and consis-
tency with the scientific literature on ultrasonic testing of rock specimens. The cylinders were then
cut to the desired length by means of a sawing machine. From each stone two cylinders with 50mm
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Figure 1. Overview of the produced cylindrical specimens using rock material from two quarries.

length were produced, in order to assess the variation of the stiffness within the same stone. Further-
more, in order to investigate the influence of the specimen length on the ultrasonic measurements,
specimens with 100 and 150mm length were prepared. However, only three specimens with 150mm
length were produced because the cylinders often broke, underlining that only a few stones were
suitable for drilling of larger cylinders. A total of 58 rock specimens were produced: 21 specimens
from the first quarry where fewer distinct rock types were anticipated, and 37 specimens from the sec-
ond quarry (see Figure 1). The length and the diameter of each specimen was obtained by taking the
average of threemeasurements at three different positions. Themass density was calculated by divid-
ing the measured mass of the specimen by their volume, whereby the latter was determined using
the water displacement method. The unique identifier for each specimen is composed of a Roman
numeral, an Arabic numeral, and a letter, specifying the quarry, the stone, and the specimen, respec-
tively. For example, cylinder II-1C originates from the second quarry, the first stone from that quarry,
and represents the third specimen produced from that stone.

3.2. Petrographic description

In this paper, the petrographic description of the test specimens is limited to thedeterminationof their
mineral composition and the rock classification. Typical natural rock types used in asphalt mixtures
include igneous rocks (e.g. gabbro, granite, diorite, diabase, basalt, porphyry), sedimentary rocks (e.g.
limestone, sandstone, dolomite), andmetamorphic rocks (e.g. gneiss, marble). A petrographic analysis
may be conducted using analysis of thin sections, scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), chemical analysis, or other techniques (Wenk & Bulakh, 2004). In the course of this study, an
X-ray powder diffraction analysis was performed at the Institute for Applied Geology of the University
of Natural Resources and Applied Life Sciences, Vienna (BOKU). X-ray powder diffraction is a method
that allows for qualitative and semi-quantitative determination of the mineral composition of rock
samples. One of the advantages of XRD is that it can be used to determine themineral composition of
crushed aggregates as well (e.g. filler, sand).

The basic components of an X-ray diffractometer are an X-ray source (X-ray tube), a sample holder,
and anX-raydetector (Allmann, 2003; Clearfield et al., 2008; Ermrich&Opper, 2013; Pecharsky&Zavalij,
2009). The method consists of generating X-rays which are directed at the sample, diffracted by the
sample phases, collected, and counted by the detector (Figure 2). Diffraction occurs only at a specific
angle that is dependent on the unique crystal structure of the mineral (i.e. the atomic arrangement
in the unit cell). An X-ray diffractogram (diffraction pattern) is obtained as a plot of the intensity
of the diffracted X-rays (ordinate) versus a varying diffraction angle 2θ (abscissa). In the standard
Bragg–Brentano geometry, the diffraction angle can be changed, for example, by rotating both the
X-ray tube and the detector, while the sample remains fixed (θ /θ mode). The position, intensity and
profile of the individual peaks in the diffractogram are used for detection of mineral phases by search-
ing in a standard reference database. Nevertheless, the correct determination is often dependent on
additional information about the samples and the experience of the investigator.
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Figure 2. Principle setup of a standard Bragg-Brentano X-ray diffractometer in a θ /θ mode (left) and diffraction pattern composed
of multiple Bragg peaks (right).

Table 2. Mineral composition for six rock samples determined by X-ray powder diffraction with deduced rock type.

Specimen Mineral constituents Rock type Similar to

I-6 Dolomite 96% Quartz < 0.5% Dolomite I-1, I-2, I-3,
Calcite 2% Muscovite < 0.5% I-4, I-5
Feldspar 1%

I-8 Calcite 93% K-feldspar 1% Limestone I-7, I-9
Dolomite 4% Quartz < 0.5%
Muscovite 1% Goethite < 0.5%

II-2 Dolomite 84% Biotite 1% Dolomitic Marble II-1, II-3, II-4
Calcite 11% Garnet 1%
Olivine 2% Diopside < 0.5%
Lizardite 1%

II-5 Plagioclase 30% Quartz 14% Kersantite (lamprophyre) II-6
K-feldspar 19% Augite 4%
Amphibole 18% Chlorite < 0.5%
Biotite 16%

II-7 Quartz 33% Plagioclase 12% Gneiss II-8, II-9
K-feldspar 17% Garnet 9%
Sillimanite 17% Chlorite < 0.5%
Biotite 13%

II-11 Plagioclase 39% Garnet 8% Gneiss II-10
Quartz 26% Amphibole 6%
Biotite 21% Kyanite < 0.5%

In the course of this study, additional samples were drilled from six selected stones. The samples
were crushed, dried at 70°C, homogenised and milled to a fine powder with a particle size not larger
than 20 μm. The measurements were conducted with Panalytical X’Pert Pro MPD diffractometer with
automatic divergence slit, Cu LFF tubes (45 kV, 40mA), and an X´Celerator detector. The data was col-
lected at 2θ from 2° to 70° with a step size of 0.017° and measurement time of 25 s per step. The
semi-quantitative determination of themineral compositionwas conducted according to the Rietveld
methodwith the softwarePanalytical X´PertHighScorePlus. TheRietveld refinement consists of gener-
ating a theoretical diffractogram of all detected phases based on their characteristic structure data. By
minimising the sum of the squared deviations between the experimental and the theoretical diffrac-
togram, a quantification of the mineral phases is possible (Clearfield et al., 2008; Pecharsky & Zavalij,
2009). The results for the six samples are presented in Table 2 listing the detectedminerals in each rock
specimen together with their weight fractions. The detection limit was about 1% by weight. The rock
type in the penultimate columns was determined based on the mineral composition and the texture
of the rock.
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Figure 3. Top view of selected cylindrical specimens (50mm diameter). The surface of the specimens was wetted with water for a
better contrast.

The visual appearance of rock specimens is shown in Figure 3, allowing inferences to be made
regarding colour, homogeneity, texture, porosity, and degradation state. Samples I-1 to I-6 are clas-
sified as the sedimentary rock dolomite (dolostone). Specimen I-3A appears like a homogeneous,
fine-grained rock with dark grey-blue colour (see Figure 3). In contrast, stone samples I-5 and I-6
exhibit dark grey grains of various sizes which are scattered in a light-grey matrix. The difference can
most likely be attributed to variable calcite content. This rock type was rather prone to cracking dur-
ing drilling, rendering the preparation of specimens quite difficult. The visible cracks and white veins
(calcite) are expected to influence the overall mechanical properties. Dolomite is slightly harder than
limestone but it still has low polishing value which limits the use of dolomite aggregates in Austria to
the base and binder asphalt concrete layers (e.g. Hofko et al., 2011).

The rock typeof stone samples I-7 to I-9 is clearly limestone (sedimentary). TheXRD results of sample
II-8 reveal a monomineralic rock with 93% calcite and 4% dolomite. The colour of the specimens is
between off-white and yellow. It can be expected that some specimens like II-7B exhibit even higher
calcite percentage and less impurities (see Figure 3). All limestone specimens are characterised by
higher porosity in comparison to the other rock types and visible cracks. Limestone is a soft rock with
low polishing resistance and large water absorption. In Austria, limestone is commonly used as a filler
in asphalt mixtures.

Sample stones II-1 to II-4 are classified as dolomitic marble which is the metamorphic equivalent
of dolomite. In comparison to the latter, the dolomitic marble samples exhibit light grey colour and
larger average grain size. The predominantmineral in the examined sample from stone II-2 is dolomite
followed by calcite (colourless, shiny grains). Detected impurities include biotite (dark), garnet (red) as
well as olivine, diopside, and lizardite (green). Their percentage (5% in II-2) appears to vary across the
different specimens.

The rock type of sample stones II-5 to II-6 is kersantite, an igneous rock with a medium to dark
colouring and fine-grained minerals, as can be seen in Figure 3 (II-5B). Despite the homogeneous
appearance, this is a polymineralic rock with primary constituents: feldspars (plagioclase and K-
feldspar, light colour), amphibole (dark), biotite (dark), and quartz. Aggregate made from kersantite
is regarded as a high-quality product and often used in asphalt surface layers.

Sample stones II-7 to II-11 can be roughly classified as themetamorphic rock gneiss. Themainmin-
eral components are feldspars, quartz, biotite, and garnet. Stone II-7 contains sillimanite (white) and
stone II-11 (II-10 is like II-11) contains amphibole. Stones II-8 and II-9 can also be classified as gneiss but
the exact mineral composition is unknown as they were not investigated using powder diffraction.
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These two samples are different with regard to their texture. Stone II-8 is fine to medium-grained,
whereas stones II-9, II-10, and II-11 are course-grained. Samples II-7 and II-9 exhibit alternating light
and dark colour banding.

A more precise petrographic description would require X-ray diffraction analysis of all specimens
and eventually analysis of thin sections using polarising microscope. However, the determination of
the exact mineral composition would require high efforts and destruction of the specimens, while the
benefit for the purpose of this study would be small. Moreover, the mechanical properties of rocks
depend not only on the qualitative and quantitative mineral composition (i.e. the mechanical proper-
ties of the minerals) but also on a number of other factors like density, porosity, grain size, the degree
of weathering, defects (microcracks, grain boundaries), structure, and the texture of the rock (inter-
locking, tendency to fracture along layers, etc.). In the next section, the results of the ultrasonic tests
are presented.

4. Ultrasonic tests

4.1. Testmethod overview

Sound waves with frequencies larger than the human hearing range (> 20 kHz) are called ultrasonic.
Ultrasonic testing is a non-destructive test method with many engineering applications including
flawdetection, dimensionalmeasurements, quality control, andmaterial characterisation. Themethod
consists of sending ultrasonic waves through a material, which are then detected and analysed (see
Krautkrämer & Krautkrämer, 1990). The very small stresses which are induced in the tested medium
allow for assuming a linear relationship between stresses and strains. Moreover, the velocity of
ultrasonic waves at a given temperature and pressure represents a characteristic material property.

The ultrasonic testing equipment consists of a display device (oscilloscope), a pulser-receiver, and
transducers (Figure 4). In the here employed through-transmission method, the pulser-receiver pro-
duces electrical pulseswhich are converted to a soundwaveby the transducer (acting as a sender). The
sound wave propagates through the sample and is then converted back to an electrical signal by the
transducer (acting as a receiver) at the other end of the specimen. The pulser-receiver amplifies and
conditions the signal for the oscilloscope. The choice of transducers depends on the frequency and the
types ofwaves that shouldbeproduced (longitudinal or transversal). As for longitudinal (compression)
waves, the movement of material particles is in the same direction as the direction of propagation of
the wave. As for transversal (shear) waves, the movement of material particles is orthogonal to the
direction of wave propagation. A coupling agent in the form of a thin film between the transducer
and the specimen facilitates the transmission of sound energy. For the same reason, the surfaces of
the specimen should be as smooth as possible. In order to achieve high-quality transmission of shear
waves, the coupling agent should exhibit a significant viscosity. An auxiliary device with two clamps

Figure 4. Used ultrasonic measuring equipment with oscilloscope, pulser-receiver, transducers, auxiliary transducer holding
device, and specimen (left) and transducers for longitudinal and transversal waves with 2.25MHz frequency (right).
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can be employed to fix the positions of the transducers. The used equipment in this study consists of a
Panametrics pulser-receiver 5077PR, a digital oscilloscope LecroyWaveRunner 62Xi, and piezoelectric
transducers Panametrics.

The main result of the ultrasonic test for determination of stiffness is the time of flight through
the specimen which must be determined for both longitudinal and transversal waves. To get the
exact times of flight for the rock specimen, the system delay time (t0) has to be measured and sub-
tracted from the total travel time (ttot). The system delay time is the travel time without the specimen
considering the delay caused by the transducer and the coupling agent (honey).

In the following, the essential formulas for quantification of the elastic stiffness properties based
on ultrasonic testing are presented. Details on the theoretical foundations and the derivation of the
formulas can be found in the literature (e.g. Carcione, 2014; Kohlhauser, 2009). The velocities of the
longitudinal (vL) and the transversal waves (vT ) can be determined using the corresponding arrival
times (tL,tot and tT ,tot) and the length of the specimen which equals the travel distance (L) as follows:

vi = L

ti
= L

ti,tot − ti,0
(1)

The wavelength (λi) can be then computed using the frequency (f ) according to the following
equation:

λi = vi/f (2)

This equation reveals a significant advantage of ultrasonic testing, namely that by changing the
frequency it is possible to characterise the material at different length scales. However, when select-
ing the frequency, the separation of scales requirement should be satisfied (see Section 4.2.). As for
the evaluation of test results based on the theory of wave propagation through linear elastic media,
the type of the wave travelling through the investigatedmaterial must be known: (i) longitudinal bulk
waves are similar towavespropagating through infinitemedia (prevented lateral deformation), (ii) lon-
gitudinal bar (extensional) waves are similar to waves propagating through slender rods (free lateral
deformation). In contrast to these two categories, the propagation of transversal waves is significantly
less affectedby thegeometric properties of the tested specimen (Aydin, 2013; Kohlhauser, 2009). Thus,
for an isotropic homogeneous elastic material, the longitudinal bulk wave velocity vL(the transversal
wave velocity vT ) is related to the stiffness tensor component C1111 (C1212) and the mass density ρ

through:

vL =
√
C1111

ρ
; vT =

√
C1212

ρ
(3)

The elastic modulus (E) and Poisson’s ratio (ν) can be computed using

E = ρ × v2T × (3 × v2L − 4 × v2T )

v2L − v2T
; ν = v2L − 2 × v2T

2 × (v2L − v2T )
(4)

It follows from the formula for Poisson’s ratio that the time of flight of a transversal wave is 1.5–2.0
times longer than that of a longitudinal wave, provided that Poisson’s ratio of the characterised
isotropic material is within the interval from 0.10 to 0.33. Furthermore, the bulk modulus (K) and the
shear modulus (G) can be obtained by

K = ρ

3
× (3 × v2L − 4 × v2T ); G = ρ × v2T (5)

Equation (5) reveals that the shear modulus depends only on the transversal wave velocity, whereas
the bulk modulus depends on both the velocity of longitudinal and transversal waves.

The determination of flight times is best explained on the basis of an example. The top graphic of
Figure 5 shows an output signal caused by a transversal wave transducer with 2.25MHz frequency.
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Figure 5. Example of arrival time detection and measured ultrasonic signal caused by transversal (top) and longitudinal (bottom)
wave transducers with frequency of 2.25MHz for rock specimen II-6B.

It can be seen that a preceding low-amplitude longitudinal wave cannot be completely avoided. The
time of flight can be read manually on the oscilloscope as the time of the first arrival of the ultra-
sonic wave which is the time when the signal deviates from the noise (Kohlhauser & Hellmich, 2013).
A better signal for determination of the arrival time of longitudinal wave can be obtained by using a
transducer for longitudinal waves with the same frequency (Figure 5, bottom). Thus, the arrival times
of longitudinal waves in this studywere determined twice for all specimens, namely oncewith a trans-
ducer for longitudinal waves and once with a transducer for transversal waves. With the exception of
a few obviously damaged samples, the difference in the determination of flight time was less than
1%. Determination of the time of arrival of transversal waves is more difficult and prone to subjectivity
depending on the quality of the signal of the longitudinal wave, which arrives before the signal of the
transversal wave.

In a perfect homogeneousmedium, the ultrasonic waves would propagate purely according to the
principles of elasticmaterials without any reflection (wave bounces off at a smooth boundary), diffrac-
tion (changeofdirectionwhenpassing through/aroundanobstacle), or diffusion (scatteringat a rough
boundary). Inhomogeneous media, though, can contain voids, defects, grain boundaries, or other
obstacles which influence the propagation of the elastic waves depending on their size and geometry
andwhich can cause reflection, diffraction, and/or diffusion, thus diminishing the signal quality. In the
here conducted tests, the sender and the receiver of theultrasonic signalswere alignedparallel to each
other on theopposite endsof the cylinders. Therefore, basedonHuygen’s principle, reflections, diffrac-
tion, diffusion, and/or interference within the sample do not change the alignment of the wavefronts
of the signal component running parallel to the symmetry axis (Krautkrämer & Krautkrämer, 1990).
Relevant for stiffness characterisation is the time of arrival of the front of each ultrasonic pulse at the
receiver (see the marked positions of the pulse fronts in Figure 5). This time is determined by the sig-
nal component running parallel to the axis and therefore it is not influenced by reflection, diffusion,
and/or diffraction. These phenomena, though, do influence the amplitude of the signal between the
arrival of the longitudinal and that of the transversal wave and can disimprove the clearness of the
pulse fronts. As can be seen in the given example, the amplitude of the signal of the unreflected com-
ponent was significantly higher than the amplitude of any reflected or diffracted component, which
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can be attributed to the choice of the frequency, the dimensions of the samples, and their painstaking
preparation.

4.2. Sensitivity to ultrasonic frequency

Next, the selection of specimen geometry and ultrasonic frequency is discussed. As described in
Section 3.2, the rock specimens exhibit a heterogenous microstructure consisting of individual min-
eral grains with likely different mechanical properties. However, the complex microstructure can be
replacedbyamacro-homogeneous representative volumeelement (RVE)with spatially constant effec-
tive stiffness properties (representative for the material), as long as two conditions are satisfied. First,
the heterogeneities must be distributed randomly in the RVE and, second, the following condition of
scale separation must be satisfied

d << lRVE << L(λ) (6)

where d is the characteristic size of the heterogeneities, lRVE is the characteristic length of the RVE and L
is the length of the specimenor the length of the loading (see Figure 6) (Aboudi et al., 2013; Kohlhauser
& Hellmich, 2013; Zaoui, 2002). Thus, if the conditions are satisfied, the stiffness properties measured
usingultrasonic tests are representative for thematerial. The left side of (6) ensures that the RVE is large
enough to contain a sufficient number of heterogeneities and accurately depicts the composition of
thematerial. Typically, lRVE must be 2–3 times larger than d (Drugan&Willis, 1996). The right part of the
inequality ensures that the RVE is small enough, such that onemay consider the RVE to be subjected to
virtually constantmacroscopic stress and strain states, which is a requirement formaterial (rather than
structural) testing. As a rule of thumb, L must be about 5–10 times larger than lRVE . As for ultrasonic
testing, L is equal to the wavelength λ (Kohlhauser, 2009).

Regarding the size of the specimens, 50mm diameter was selected as this is a common diame-
ter for ultrasonic testing of rock specimens in the literature and in themajority of cases it is sufficiently
larger than theheterogeneities. The sameconsideration applies for the lengthof the specimens,where
smaller lengthswere not considered, as this would have a negative influence on the accuracy of detec-
tion of the arrival times. Shorter specimens and shorter travel distances result in shorter arrival times
that may fall in the range of receiver disturbances (Kohlhauser & Hellmich, 2013).

Slightly different conditions are recommended by an ASTM standard that was withdrawn without
replacement in 2017 and by an ISRM standard (ASTM D2845-08, 2008; Aydin, 2013). Both standards
treat specifically ultrasonic testing of rock specimens. According to the ASTM standard, the length of
the specimen (i.e. the flight distance) L and the lateral dimensionDmust fulfil the condition L/D ≤ 5. In
addition, D ≥ 5× λL (in ISRM the factor is 10). These recommendations ensure that velocities of bulk

Figure 6. Scale-separation principle – the size of RVE (lRVE )must bemuch smaller than the characteristic size of the loading in terms
of wavelength (λ) for ultrasonic testing and much larger than the size of the heterogeneity (d).
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waves are measured rather than velocities of bar waves. The first requirement regarding the slender-
ness of the specimenwas also formulatedbyKohlhauser andHellmich (2013) basedoncomprehensive
analysis of experimental results. In this study, L/D ≤ 5 is satisfied for all specimens and D ≥ 5× λL
is satisfied for all specimens at 1.00MHz and higher frequencies. The next requirement in both the
ASTM and the ISRM standard specifies that L ≥ 10× d. This condition implies that three to five RVEs
are included in the flight distance. The last ASTM recommendation is λL ≥ 3× d.

Based on the work of Kohlhauser and Hellmich as well as the ASTM standards, the requirements
for the wavelength can be systematized by introducing a dimensionless factor λL/d which relates the
longitudinal wavelength to the grain size (microheterogeneity). Consequently, large values of λL/d are
required in order to ensure that the material properties of the homogenisedmaterial are investigated.
As for λL/d < 3 (see ASTMD2845-08, 2008), the measured pulse velocities are significantly influenced
by the individual phases (microstructure). As for λL/d > 100 (Kohlhauser & Hellmich, 2013), the mea-
sured pulse velocities are representative for the homogenised material behaviour, even in case of an
infinitely large stiffness contrast between the individual phases (e.g. aluminium specimens with air
pores). Herein, we subdivide the interval of the ratio λL/d which ranges from 3 to 100 into two cat-
egories. They are separated by λL/d = 20. This value refers to a combination of lRVE/d = 2 (Drugan
& Willis, 1996) and λ/lRVE = 10. The latter implies that the wavelength of ultrasonic waves is equally
large as a chain of 10 RVEs. Recalling that a material test requires virtually constant stresses within
the characterised material volume, λ/lRVE = 10 refers to a stepwise approximation of one sine wave,
using 10 equally long stress plateaus (see Figure 6). Along the described lines, we distinguish four cat-
egories defined in terms of the wavelength-over-grain size ratio λL/d. These categories are used to
assign results of ultrasonic testing to four different levels of informative content, see Table 3.

In order to investigate the influence of the frequency on themeasured velocities, five different rock
specimens with different degree of heterogeneity were tested. Figure 7 shows the top view of the five
specimens with their characteristic heterogeneity size d as well as the corresponding flight times of
longitudinal waves with the following five frequencies: 0.05, 0.25, 1.00, 2.25, and 5.00MHz. The het-
erogeneity is described by the average grain size which was assumed based on image analysis of
the cross sections of the specimens. Specimens I-3A and II-5B appear quasi-homogeneous which is
reflected in the smaller average grain size, whereas especially specimens I-5A and II-9B exhibit larger
heterogeneities. The length and the diameter of each specimen is 50mm.

The measured flight times together with their mean value, standard deviation, and coefficient of
variation are listed in Table 4. Table 5 presents the corresponding wavelength-over-grain size ratios
λL/d for all specimens and frequencies. The highest levels of satisfaction of the separation-of-scales
principle (category 1 and 2 according to Table 3) are achieved at the lowest frequency 0.05MHz. The
same quality of the results can be expected also for specimens I-3A and II-5B at 0.25MHz and for I-3A
at 1.00MHz. At frequencies higher than 1.00MHz the level of satisfaction of the separation-of-scale
principle is lower. Nevertheless, Figure 7 reveals no clear trend in the measured flight time associated
with the change of the frequency. In fact, the standard deviation amounts to approximately 1% of the
mean value, as expressed by the coefficient of variation. This is a strong indicator that different micro-
heterogeneities of the tested specimens have small stiffness contrasts. The individual flight times for
II-5B (kersantite) show the best consistency, while the flight times for I-3A (dolomite) reflect a slightly

Table 3. Categories based on the separation-of-scale requirement, defining levels of accuracywithwhich homogenised properties
of materials are characterised, as a function of the ratio between wavelength (longitudinal wave) and average grain (inclusion) size,
λL/d, as well as the stiffness contrast between individual phases.

Category Range Level of accuracy Symbol

1 λL/d ≥ 100 High accuracy even in the case of large stiffness contrast
2 20 ≤ λL/d < 100 High/intermediate accuracy for small/large stiffness contrast
3 3 ≤ λL/d < 20 Intermediate/low accuracy for small/large stiffness contrast
4 λL/d < 3 Low accuracy particularly in the case of large stiffness contrast



12 V. DONEV ET AL.

Figure 7. Variation of the measured travel time of longitudinal waves using different frequencies (from 0.05MHz to 5.00MHz) for
two homogeneous (I-3A and II-5B) and three heterogeneous specimens (I-5A, II-2B, and II-9B).

Table 4. Flight time of longitudinal waves for five specimens depending on the frequency (from0.05 to 5.00MHz)withmean value,
standard deviation (STDEV), and coefficient of variation (CV).

Flight time of longitudinal waves, tL (μs)

Specimen 0.05MHz 0.25MHz 1.00MHz 2.25MHz 5.00MHz Mean STDEV CV (-)

I-3A 7.33 7.21 7.07 6.98 7.17 7.15 0.13 1.87%
I-5A 7.46 7.39 7.32 7.28 7.35 7.36 0.07 0.94%
II-2B 7.04 6.98 6.85 6.95 6.92 6.95 0.07 1.01%
II-5B 8.18 8.17 8.11 8.14 8.20 8.16 0.04 0.43%
II-9B 7.21 7.15 7.08 7.11 7.18 7.15 0.05 0.73%

Table 5. Ratio between wavelength (longitudinal wave) and grain size λL/d for five specimens depending on the frequency
together with the level of fulfilment of the separation-of-scale requirement according to the categories of Table 3.

Ratio of wavelength to grain size (longitudinal waves), λL/d (-) Average d

Specimen 0.05MHz 0.25MHz 1.00MHz 2.25MHz 5.00MHz (mm)

I-3A 684.2 27.8 35.5 16.0 7.0 0.2
I-5A 32.7 6.6 1.7 0.7 0.3 4.0
II-2B 70.9 14.3 3.6 1.6 0.7 2.0
II-5B 306.0 61.3 15.4 6.8 3.1 0.4
II-9B 23.1 4.7 1.2 0.5 0.2 6.0

larger variation. In summary, there is no (linear) dependence between the measured flight times and
the ultrasonic frequency or the size of the heterogeneities. However, it must be noted that the RVEs
characterised with 0.05MHz are not well separated by scale from the specimen length.

A similar analysis using transversal waves had to be limited to 2.25 and 5.00MHz, because only
at these frequencies it was possible to accurately determine the arrival times of transversal waves. In
this context, it is noteworthy that transversal waves are less sensitive to microheterogeneities in the
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material, as compared to longitudinal waves (see Kohlhauser, 2009). Anyway, 2.25MHz is the lowest
frequency that allowed for reliable identification of arrival times of both longitudinal and transversal
waves. Notably, ultrasonic testswith 2.25MHz fall into theλL/d-categories 3 and4. Still, the rather small
stiffness contrasts within the different constituents of the tested rock specimens, going along with
ultrasonic results that are virtually constant across all four λL/d-categories, suggest that the results
obtained with 2.25MHz are of satisfactory quality for engineering purposes, where an accuracy of
+/–2% is sufficient. Thus, while the influence of the individual phases (microstructure) is expected
to be more pronounced at higher frequencies (lower wavelengths), in this case the effect might be
mitigated by lower stiffness contrast between the individual phases.

4.3. Results and discussion

The main results of this study for all specimens from quarry I and quarry II are presented in Tables 6
and 7, respectively. All measurements were conducted at room temperature, because the influence of
temperature on the elastic properties is expected to be negligible for dry specimens and temperatures
below40°C, forwhich asphaltmixtures are typically tested (Schön, 2015). Three specimens fromquarry
I (marked with asterisk) were excluded from further analysis due to excessive cracking. The measured
ultrasonic velocities range from 5.6 to 7.3 km/s for the longitudinal wave and from 3.1 to 4.0 km/s for
the transversal wave. For the majority of the specimens, Poisson’s ratios between 0.20 and 0.30 were
computed. Figure8gives anoverviewof the calculated shear, bulk, andelasticmoduli groupedaccord-
ing to rock type, quarry, and specimen length with the number of specimens in each group given at
the bottom of the figure. The box plots provide the minimum, the 25th percentile, the median, the
75th percentile, the maximum, and the mean value of the moduli in a specific group.

The first six box plots from left to right illustrate the results for the different rocks types. First, it can
be observed that the limestone from quarry I has a lower stiffness than the dolomite samples from
the same source. There are no large differences between I-1 to I-4 (quasi-homogeneous) and I-5, I-6
(two-phase composite), despite the different texture and the potentially different mineral composi-
tion. The fine-grained rock kersantite (II-5 and II-6) has the lowest variation in stiffness properties from

Table 6. Test results for all specimen from quarry I including length, diameter, dry density, shear modulus, bulk modulus, Poisson
ratio, and elastic modulus based on travel time measurements using longitudinal and transversal ultrasonic waves.

Specimen
Length, L
(mm)

Diameter, D
(mm)

Mass
Density, ρ
(kg/m3)

Shear
modulus, G

(GPa)

Bulk
modulus, K

(GPa)
Possion’s
ratio, ν (-)

Elastic
modulus, E

(GPa) Comment

I-1A 49 55 2825 44 93 0.30 113
I-2A 50 50 2825 43 90 0.29 111
I-2B 50 50 2826 43 90 0.30 110
I-2C 100 50 2824 40 83 0.29 104
I-3A 50 50 2815 42 89 0.30 109
I-3B 50 50 2749 34 64 0.27 88
I-3C 100 50 2804 28 85 0.35 75 ∗damaged
I-4A 50 50 2797 38 82 0.30 98
I-4B 50 50 2800 39 85 0.30 103
I-5A 49 50 2784 37 75 0.29 96
I-6A 50 50 2793 39 88 0.31 101
I-6B 50 50 2781 39 82 0.29 102
I-7A 50 50 2721 36 75 0.29 94
I-7B 50 50 2734 32 69 0.30 83
I-8A 50 50 2655 28 67 0.31 75
I-8B 50 50 2653 29 68 0.32 75
I-8C 99 50 2662 30 65 0.30 78
I-9A 50 50 2742 36 74 0.29 92
I-9B 50 50 2641 30 60 0.28 77
I-9C 100 50 2492 14 42 0.35 38 ∗cracked
I-9D 100 50 2554 24 51 0.30 62 ∗damaged
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Figure 8. Box-plot summary of test results for shear, bulk, and elasticmodulus. Comparison of six different rock types, two different
sources (quarries) and influence of specimen length with number of tested specimens in each group.

all rock types, also having the most homogeneous appearance. The stiffness of kersantite is found to
be comparable with the stiffness of limestone, with the latter even possessing higher bulk modulus.
The largest variation is attributed to the first gneiss group (II-7 to II-9). Table 7 reveals that the variation
between samples from the same stone is very small for all rock types including gneiss. Thus, it can be
seen that the variation in the group II-7 to II-9 is caused by variation between the stiffness of the indi-
vidual stones (from 74 to 114GPa). Furthermore, the second gneiss group (II-10 and II-11) achieved
the highest stiffness values with regard to shear modulus and elastic modulus, while the highest bulk
modulus values were recorded for dolomite (I-1 to I-6).

One explanationof the variation in the first gneiss group lies in thepossibly different qualitative and
quantitative mineral composition which was determined only for sample II-7 (see Section 3.2). Even if
the composition of two samples is similar, the difference in the stiffness may be caused by anisotropy
effects due topreferredmineral orientation,mineral layering, andanisotropic cracks. In the literature, it
has been shown that theultrasonic velocity parallel to an anisotropyplane (e.g. parallel to gneiss band-
ing) can be significantly higher than the velocity perpendicular to the anisotropy plane (e.g. Ivankina
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Table 7. Test results for all specimen from quarry II including length, diameter, dry density, shear modulus, bulk modulus, Poisson
ratio, and elastic modulus based on travel time measurements using longitudinal and transversal ultrasonic waves.

Specimen
Length, L
(mm)

Diameter, D
(mm)

Mass
Density, ρ
(kg/m3)

Shear
modulus, G

(GPa)

Bulk
modulus, K

(GPa)
Possion’s
ratio, ν (-)

Elastic
modulus, E

(GPa) Comment

II-1A 50 50 2845 37 73 0.28 95
II-1B 50 50 2852 37 59 0.24 93
II-1C 99 50 2841 37 52 0.21 90
II-1D 150 50 2850 32 54 0.25 80 cracks
II-1E 150 50 2845 34 56 0.25 86 cracks
II-2A 50 50 2839 45 82 0.27 114
II-2B 50 50 2845 44 88 0.28 114
II-2C 99 50 2846 43 83 0.28 110
II-3A 50 50 2777 38 88 0.31 100
II-3B 50 50 2724 36 95 0.33 97
II-3C 100 50 2799 34 98 0.35 90
II-4A 42 50 2712 35 81 0.31 92
II-4B 49 50 2713 36 81 0.31 93
II-4C 100 50 2735 35 76 0.30 90
II-5A 50 50 2778 34 60 0.26 85
II-5B 50 50 2774 34 60 0.26 86
II-5C 100 50 2781 32 60 0.27 82
II-5D 150 50 2793 33 61 0.27 85
II-6A 50 50 2614 32 54 0.25 81
II-6B 47 50 2611 33 54 0.25 82 Figure 5
II-6C 84 50 2632 33 54 0.25 82
II-6D 100 50 2619 33 53 0.24 82
II-7A 50 50 2946 37 62 0.25 92
II-7B 46 50 2975 36 64 0.26 90
II-7C 84 50 2939 41 46 0.15 95
II-8A 50 50 2769 29 53 0.27 75
II-8B 50 50 2755 29 51 0.26 74
II-8C 100 50 2754 30 47 0.24 74
II-9A 50 50 2896 45 87 0.28 114
II-9B 50 50 2902 44 85 0.28 113
II-9C 96 50 2913 44 83 0.27 113
II-10A 48 50 2962 44 71 0.24 109
II-10B 47 50 3025 49 80 0.25 122
II-10C 100 50 2948 40 69 0.26 100
II-11A 50 50 2988 48 75 0.24 118
II-11B 50 50 2997 48 74 0.23 119
II-11C 100 50 3002 45 73 0.24 112

et al., 2017; Park & Min, 2015; Schön, 2015; Song et al., 2004). Possible anisotropy effects cannot be
deduced by comparison of samples from the same stone because the specimens were almost always
drilled in the same direction (parallel to each other). From this point of view, the production of cube
specimens would have been an interesting choice, allowing for investigation of stiffness properties in
three directions. Similarly, the specimens from stone II-2 exhibited higher values for elastic modulus
compared to the other stones from the dolomitic marble group. In the literature, mineral aggregates
are assumed to be isotropic as a simplification and due to their random orientation in the asphalt mix-
tures (Wang, 2011). Nevertheless, the assumption about the random orientation is also questionable
as compaction methods have influence on the orientation of coarse aggregates (Little et al., 2018).
Apart from that, the results also show that potential anisotropic effects appear to be rather small, at
least for specific aggregates (e.g. dolomite, kersantite).

Furthermore, the comparison between quarry I and quarry II reveals that the variation in quarry II is
slightly larger, which is normal considering the larger number of specimens and different rock types.
Notably, themeanvaluesof theelasticmoduli for bothquarries are the same, equalling95GPa. The last
two box plots compare specimens with 50mm and specimens with 100/150mm length (L > 50mm).
If a specific stone is represented by two specimens with L = 50 and one specimen with L > 50mm,
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the values of the first two specimens are replaced by theirmean. This procedure enables the compara-
bility of the twogroupswhichnow include equal number of specimens. The comparison shows a slight
reduction of the stiffness values with increasing length of the specimens. However, as Table 7 shows,
this conclusion is rock type-specific as specimens II-5 to II-9 (kersantite and gneiss) exhibit a virtually
constant stiffness. This is characteristic of homogeneous elastic materials, whose stiffness properties
are independent of the specimen length, as long as specific minimum dimensions and ratio recom-
mendations for the sample geometry are met (Kohlhauser & Hellmich, 2013). The slight decrease of
stiffness for other two rock types can be explained by slightly differentmineral composition or orienta-
tion, variation due to measurement accuracy, or small non-uniform inhomogeneities (defects, cracks)
which are more likely to occur with increasing length of the specimen. This comparison applies only
to quarry II, as only two specimens with length above 50mmwere extracted from the samples of the
first quarry.

Apart from these slight deviations, the results suggest that pores and other inhomogeneities are
distributed randomly across the specimen volume. As regards the influence of porosity on the stiffness
values, porosity plays the role of a microstructural constituent. Provided that the size of the pores is
significantly smaller that the wavelength of the ultrasonic waves, the speed of elastic ultrasonic waves
is representative for the porousmaterial. This implies that porosity is accounted for in themacroscopic
stiffnesses communicated in Tables 6 and 7.

5. Significance for multi-scale modelling of asphalt

The main goal of this study is to investigate the elastic properties of mineral aggregates from specific
sources which can be used as an input for multi-scale models of asphalt mixtures. Figure 9 illustrates a
multi-scale model considering five different scales (Eberhardsteiner et al., 2015a; Lackner et al., 2004;
Pichler et al., 2012), although there are also models that consider the microstructure of the binder
(Eberhardsteiner et al., 2015b). In the presented model, mineral aggregates participate as a material
phase at threedifferent scales, namely at themastic,mortar, andmixture scale as filler, fine aggregates,
and coarse aggregates, respectively.

Figure 9. Multi-scale model for asphalt concrete mixtures with two-dimensional representation of three-dimensional RVEs and
mineral aggregate properties being used as input on three levels of observation: mastic, mortar, and mixture.
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5.1. Appropriateness of test method

In the literature on rock testing, uniaxial compression tests (UCT), triaxial compression tests, seismic
velocity measurements, ultrasonic tests, and nanoindentation are used for determination of the elas-
tic properties. The most common test methods are uniaxial compression tests and ultrasonic tests on
cylindrical specimens. Many studies have been conducted on comparing the results of both types of
tests (often referred to as static and dynamic test, respectively), deriving correlation equations and
explaining the sources for differences (e.g. Brotons et al., 2016; Christaras et al., 1994; Ciccotti & Mula-
rgia, 2004; Davarpanah et al., 2020; Fjær, 2019; Heerden, 1987; Kibikas et al., 2020; Martinez-Martinez
et al., 2012; Moradian & Behnia, 2009). Irfan-ul-Hassan et al. (2016) have shown that the modulus of
elasticity obtained from evaluating quasi-static tests based on the linear theory of viscoelasticity is
practically the same as the modulus of elasticity obtained by ultrasonic tests for cement paste speci-
mens. For natural, less homogeneous materials like rocks, the modulus obtained by quasi-static tests
might be lower than the ultrasonic modulus. One possible explanation for this phenomenon is the
occurrence of inelastic deformationduringquasi-static tests causedby sliding cracks andgrain bound-
aries. Because inelastic waves are slower than elastic waves, and because of the very small stress
amplitudes of ultrasonic stresswaves, ultrasonic testing is very robustwith respect to possible inelastic
processes. Furthermore, the stresses and strains inducedby ultrasonic testing aremuch lower than the
typical stresses and strains in quasi-static testing (Schön, 2015). Hence, it is assumed that the results
from ultrasonic tests are more representative of the pure elastic properties.

Beyond that, ultrasonic testing offers several advantages in comparison to UCT and nanoinden-
tation. First, there is not even a slight risk of damaging the specimen and the only source of errors
(besides systematic errors) is the determination of the arrival time of the wave. Second, the evaluation
of the results is straight-forward, with no additionalmodels or assumptions being necessary. Themain
testing parameter that has to be selected is the wave frequency. Ultrasonic tests are easy to conduct
with a test duration of just a fewminutes.

In comparison, for UCT the following parameters have to be determined: maximum stress limit,
minimum stress limit, loading rate, number of loading and unloading cycles, measurement length.
There are alsomany approaches for calculationof themodulus obtainedbyquasi-static tests: basedon
loading path, on the unloading path, specific range of the loading/unloading path, secant or tangent
modulus at a specific stress level. UCT requires more specimens, more time and effort and the deter-
mination of Poisson’s ratio is cumbersome. Furthermore, shear stresses due to friction in the interface
steel platen/specimenmay lead to inhomogeneous stress distributionover a length equal to thediam-
eter of the specimen. Hence, the ratio L/Dmust be larger or at least equal to 3 and the strains must be
measured over the central region of the specimen with measurement length L – 2×D (Karte et al.,
2015).

Nanoindentation is also a very time- and effort-consuming method requiring a large number of
indentations for reliable statistical analysis. Similarly, to UCT, the evaluation and interpretation of the
results is a challenging task. Moreover, Poisson’s ratio cannot be measured and has to be assumed.

5.2. Material characterisation scale

According to the European standard EN 13043 (2002), mineral aggregates in asphalt mixtures can be
divided into filler aggregates with particle size under 0.0063mm, fine aggregates (sand) with parti-
cle size between 0.0063 and 2mm, and coarse aggregate with particle size between 2 and 32mm. As
themulti-scalemodel in Figure 9 employs the same classification, a characterisation of the aggregates
over these three length scales is necessary. It is possible that all three categories of aggregate originate
from the same source and belong to the same rock type. However, often added filler (produced sep-
arately), aggregates from multiple sources and recycling material are used in asphalt mixtures which
would make the exact determination of the mechanical properties of aggregates difficult. With the
conducted ultrasonic tests, the material properties of rock specimens were determined at the scale
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from 0.3 to 0.6mm, which is estimated as one fifth and one tenth of an average wavelength of 3.0mm
for 2.25MHz frequency. However, Section 4.2. suggests that the validity of the results can be extended
at least to the range from 0.14mm (λ5MHz) to 26mm (λ0.05MHz), which covers the length scale of fine
and coarse aggregates. In contrast, the uniaxial compression tests characterise the material volume
between the linear variable differential transducers (LVDTs)which is normallymuch larger than 26mm
(e.g. 100mm). Thus, UCT and ultrasonic tests probe different rock volumes and thematerial characteri-
sation scaleprovidedbyultrasonic testing ismoreadequate considering the sizeofmineral aggregates
in asphalt mixtures.

As concerns the elastic properties of the filler, the filler particles are so small that (i) one may
assume that they consist of single crystals rather than representing minerals (i.e. composites of dif-
ferent crystals), and (ii) it is unlikely that they contain significant defects or cracks. Thus, one may
assign single-crystal stiffness properties to the filler particles using values from the literature (e.g.
Simmons & Wang, 1971) or other experiments (e.g. nanoindentation). The stiffness of a single filler
particle depends, because of anisotropy, on the crystal orientation. The entire filler phase may con-
tain particles of different crystals according to the mineralogical composition of the rocks used to
produce the filler. Due to the random orientation of mineralogically different anisotropic filler par-
ticles in the mastic, an effective average isotropic elastic stiffness can be assigned to the (entire) filler
phase.

Alternatively, DSR experiments can be used to characterise themechanical properties of the binder
and of the bitumen-filler composite (mastic). Thus, by applying the multi-scale model to estimate
the stiffness properties of the mastic (i.e. the first homogenisation step), the average elastic isotropic
properties of the entire filler phase can be back-calculated.

6. Conclusions

The elastic properties of mineral aggregates in asphalt mixtures are rarely being investigated, as
they are not currently considered in pavement and mix design standards and tools. However, the
determination of these properties is of interest, as they constitute an important input to (multi-
scale) micromechanical models used for upscaling-based prediction of the mechanical properties of
composite asphalt materials, particularly at low temperatures and high frequencies.

In this study, the elastic stiffness properties of rock materials used in asphalt mixtures were charac-
terised. For this purpose, a total of 55 cylindrical specimens from twodifferent quarries were produced
and testedusing theultrasonic through transmission technique. X-ray powder diffractometry revealed
that the main rock types are dolomite, limestone, dolomitic marble, kersantite, and gneiss. It was
observed that measured flight times and velocities for longitudinal waves showed only a very small
variation in the interval of wave frequencies ranging from 0.05MHz to 5.00MHz. Still, the results show
a significant variation in themeasured stiffness characteristics between the different types of rock and
low variation between different samples from the same stone. Limestone and kersantite exhibited the
lowest values of the elastic modulus: 82 and 83GPa, respectively. The elastic properties of kersantite
showed a very low variation between samples regardless of the sample length. Other type of rocks like
dolomitemarble and dolomite achieved a higher elastic modulus of 96 and 103GPa, respectively. The
largest elastic modulus of 113GPa was measured for the rock type biotite-amphibole-garnet-gneiss.
In addition, the average stiffness properties of the aggregates from both quarries are quite similar.
As regards input for micromechanical models, it is noteworthy that the shear modulus averaged over
all 55 rock specimens is equal to 37GPa, and the corresponding average bulk modulus amounts to
72GPa, both being considerably larger than typical values used for upscaling of the stiffness of asphalt
mixtures.

For the application of multi-scale models to asphalt mixtures containing different aggregate
materials (i.e. different rock type or quarry source), it is recommended to quantify the stiffness
of the aggregates by applying the here-described protocol. The stiffness of the aggregates from
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the same quarry has to be examined de novo only if substantial changes in the material com-
position and quality are observed. The mechanical properties of the binder, in turn, have to be
investigated every time for each asphalt mixture, as they depend on both the source and the
batch.
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