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Abstract: Coarse aggregate is the major part of asphalt mixture, and plays an essential role in
mechanical performance of pavement structure. However, the use of poor-quality coarse recycled
aggregate (CRA) reduces the strength and stability of the aggregate skeleton. It is a challenge to
predict accurately the influence of CRA on the performance of asphalt mixture. In this study, both a
uniaxial compression test and a direct tensile test were carried out to evaluate the failure strength of
asphalt concrete with four CRA content. The discrete element method (DEM) was applied to simulate
the specimen of asphalt concrete considering the distribution and properties of CRA. The results
showed that temperature and loading rate have a significant influence on failure strength, especially
when the CRA content was more than 20%. With the increase of CRA content, both cohesion force
and internal friction angle were gradually weakened. The proposed model can be used to predict
the failure strength of asphalt mixture, since both experimental and simulated results had a high
consistency and repeatability. With the decrease of CRA strength, the nominal cohesion force of the
specimen decreased, while the internal friction angle increased.

Keywords: asphalt mixture; recycled aggregate; failure strength; uniaxial compression test; direct
tensile test; discrete element method

1. Introduction

The recycling of construction and demolition (C&D) materials have attracted much
attention in pavement engineering because of its huge environmental and economic bene-
fits [1]. With the development of cities, a large number of C&D wastes have been produced,
resulting in more and more land occupation and pollution [2]. On the other hand, since
pavement construction consumes a large amount of sand and gravel, the potential utiliza-
tion rate of C&D waste is very high for pavement materials. This is a sustainable way
to solve the over exploitation of mine resources, by crushing C&D waste into recycled
aggregate (RA) instead of natural aggregate. The recovery rate of C&D was as high as 95%
in developed countries, while only about 5% of C&D waste was recovered in China [3].
Therefore, the recycling of C&D waste in pavement engineering has broad application
prospects and economic value.

It is commonly believed that, due to the high proportion of coarse recycled aggregate
in the mixture, this replacement will have different effects on the physical or mechanical
properties of asphalt mixture [4]. Compared with natural materials, RA has some defects,
such as additional impurities and lower strength. After crushing, the RA has a rough
surface and more cracks [5]. When the particle size of RA is larger than 19 mm, it does not
meet the technical requirements of pavement engineering, such as low crushing value [6].
Fatemi et al. [7] found that the addition of RA could change the optimal binder content
and maximum bulk density of asphalt mixture. Some recent studies have implied that
the asphalt mixture has higher high temperature stability than the mixture without RA,
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because the addition of RA changes the void ratio and surface contact of the asphalt
mixture [8,9]. Its low temperature stability, water stability and durability were worse than
that without RA [10]. In conclusion, the strength of RA is weaker than that of natural
aggregate, and the contact performance between asphalt mastic and aggregate needs to be
further improved [11]. Obviously, the content and properties of RA are important factors
affecting the service performance of asphalt mixture. The application of recycled aggregate
in asphalt mixture has become a challenge, along the premise of ensuring performance.

Under the action of traffic load and environmental factors, asphalt mixture experiences
large unrecoverable deformation, which even causes the failure of pavement structure [12,13].
Current research has mainly evaluated the failure strength of asphalt mixture through laboratory
tests, such as the uniaxial compression test, direct tensile test, semi-circular bending test,
etc. [14–16]. Qin et al. [17] found that the dynamic modulus curve under indirect tension
was lower than that under uniaxial tension, which depends on temperature and loading
frequency. Cerni et al. [18] suggested that there was good correlation between dynamic
modulus and indirect tensile modulus of asphalt mixture at different temperatures. Lv
et al. [19] compared the fatigue test results under different conditions and proposed a
unified modulus calculation method. Meanwhile, some studies have shown that the
mechanical properties of the asphalt mixture were also related to factors such as the spatial
location of the specimen components [20] and the compaction method [21]. However, since
both strength and location of coarse aggregates are distributed randomly in natural state,
the current experimental methods (or packing theory) are not capable of quantitatively
characterizing the effect of aggregate properties on the failure strength of asphalt mixture.

To solve this issue, the discrete element method (DEM) and the X-ray CT technology
have been increasingly utilized for evaluating the internal structure of asphalt mixture
in current studies. Shaheen et al. [22] applied an X-ray CT device to evaluate fatigue
cracking by capturing the arrangement of air voids. Chen et al. [23] suggested that the
DEM provided a helpful way to analyzing the compacting behavior of asphalt mixture,
and its simulation was in good agreement with that of the X-ray CT scan in air void
distribution. Although capturing the 3D air-void structure based on the X-ray CT has
been well researched, simulating the heterogeneity of aggregates remains problematic.
The X-ray CT detection needs professional technicians and expensive equipment, and
the stacked aggregates within asphalt mixture cannot be distinguished accurately by
the image threshold. With the advantages of granular materials, the DEM is potentially
efficient to deal with the distribution and packing of aggregates [24]. Recently, the asphalt
mixture is usually simplified in DEM and made up by a lot of spherical particles as basic
computing elements, which follow Newton’s second law of motion [25]. Past studies have
demonstrated that these simplified models could describe well the packing structure in
coarse aggregates larger than 2.36 mm, and match the experimental data of mechanical
properties successfully [26–28]. Additionally, Feng et al. [29] reported that the DEM is
a valuable contact model to characterize the viscoelastic behavior of asphalt mixture in
normal and shear conditions. Therefore, the DEM approach was used in this study to
predict the failure strength of asphalt mixture using coarse recycled aggregate.

The purpose of this study is to reveal the influence of Coarse RA (CRA) on the
failure strength of asphalt mixture using experimental and numerical tests. The uniaxial
compression test and direct tensile test were carried out to obtain mechanical performances
for asphalt mixture. According to the Mohr-Coulomb theory, the failure strength of asphalt
mixture was calculated, including the cohesive force c and the friction angle ϕ. Additionally,
a numerical simulation was proposed to investigate the influence of CRA properties on the
strength of asphalt mixture using DEM. This paper is divided into four parts. The following
section mainly introduces the physical properties of materials and test procedures in the
laboratory and in DEM simulation. Then the testing results and their influencing factors
are analyzed. Through the change of failure strength, the influence mechanism of recycled
coarse aggregate on the performance of asphalt mixture is explained. Furthermore, in order
to evaluate the influence of CRA properties on the performance of asphalt mixture, a DEM
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model is established and tested. Finally, the main findings of this research are discussed
and summarized.

2. Materials and Methods
2.1. Materials

The aggregates tested in this study are limestone and RA. Limestone is used as the
fresh aggregate and RA as the secondary aggregate. The chemical composition of natural
limestone is shown in Table 1. The RA mainly consists of broken bricks and concrete, as
shown in Figure 1. In the process of crushing, some micro-cracks appeared on the surface of
RA particles, which resulted in the decrease of aggregate strength and the increase of voids.
At present, due to the manufacturing process, there are more particles below 0.075 mm in
RA. These fine particles not only have the characteristics of light weight and low strength,
but are also often coated on the RA surface, which affects the combination of aggregate
and asphalt binder. Therefore, only the CRA larger than 2.36 mm was retained by mesh
screening and water washing and the dust particles were removed.

Table 1. Chemical components of limestone.

CaO SiO2 Al2O3 Fe2O3 Other

57.85 24.03 4.37 1.19 12.56

Figure 1. Recycled aggregates from C&D materials.

The relevant physical properties of aggregates are shown in Table 2. The water
absorption of CRA was much greater than that of fresh aggregate due to its high surface
porosity. Additionally, the abrasion strength of CRA was slightly less than the limit value
of standard ASTM, as mentioned in previous studies [30]. However, its mix with limestone
aggregate could compensate for these defects of CRA including the high water absorption
and the weak strength. To obtain a satisfactory testing aggregate, Martinho et al. [6]
suggested that it was common in asphalt mixture that the application of CRA in content of
around 35% allowed a mechanical performance of aggregate mixture similar to that of the
flesh aggregate.
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Table 2. Physical properties of aggregates.

Properties Fresh
Aggregates

Secondary
Aggregates

Standard
ASTM Requirements

Coarse aggregate

Bulk specific gravity 1.68 1.47 C127 —
Apparent specific gravity 2.73 2.59 C127 —
Los Angeles abrasion (%) 17.4 27.3 C131 ≤25
Percentage of fractured

particles 93 87 D5821 ≥90

Water absorption (%) 0.75 5.80 C127 ≤2.5

Fine aggregate

Bulk specific gravity 1.59 — C128 —
Apparent specific gravity 2.71 — C128 —

Sand equivalent (SE) 69 — D2419 ≥50
Water absorption (%) 1.90 — C128 ≤2.5

In all tested asphalt mixtures, 70 penetration bitumen was used as the binder. In order
to characterize the performance of asphalt binder, regular performance tests were carried
out, such as softening point evaluation, penetration and ductility test. The performance
test results of base asphalt are shown in Table 3.

Table 3. Performance test results of 70 penetration bitumen.

Properties Values Standard ASTM Requirements

Density at 15 ◦C (gr/cm3) 1.032 D7076 —
Softening point (R&B ◦C) 47 C3676 ≥46

Penetration at 25 ◦C (0.1 mm) 70 D573 60~80
Ductility at 15 ◦C (cm) 123 D11379 ≥100

Flash point (◦C) 275 D9278 ≥260
Dynamic viscosity at 60 ◦C (Pa·s) 216 D2171 ≥180

2.2. Mixture Design

In this study, the gradation of hot-mix asphalt mixture (HMA) was selected by the
average value for the limit of dense aggregate gradation recommended by ASTM specifica-
tion, as shown in Figure 2. The maximum particle size of aggregates is 19.0 mm. Both CRA
and flesh aggregate were mixed on each sieve larger than 2.36 mm according to the target
size gradation. The fine aggregate was included only for limestone. Four levels of CRA
addition (10%, 20%, 30% and 40% by weight) were tested in the recycled HMA. Moreover,
the mixture made up of pure fresh aggregates was also tried as a control.

Marshall mix design procedures were performed by ASTM D1559 to obtain the
optimum asphalt content for the HMA containing 20% wt% CRA and 80% wt% limestone
coarse aggregate. Three similar specimens, whose asphalt content varied from 3.5% to
6.5% in increments of 0.5%, were prepared by the Marshall compaction. The mixture was
poured into the cylindrical mold and hammered by 75 times to each side. The optimum
asphalt content was determined as 5.6% by meeting the maximum unit weight and 4%
air voids. Considering the aim of this study, all HMA specimens were made by the same
asphalt content of 5.6%.

2.3. Experimental Methods

Uniaxial compression tests and direct tensile tests were carried out in this study, using
the MTS810 material testing machine (MTS Systems Corporation, Eden Prairie, MN, USA).
The slab specimen was compacted at 16 passes by a compacting roller with a maximum
pressure of 0.9 MPa [31]. Its size was 300 mm by 300 mm in plan and 50 mm in height.
After the preparation of slab specimens, a series of prismatic specimens were cut along
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the rolling direction. The size of the uniaxial compression specimen is 40 mm × 40 mm ×
80 mm, while that of the direct tension specimen is 40 mm × 40 mm × 60 mm.

Figure 2. Size gradation of aggregates.

2.3.1. Uniaxial Compression Test

The uniaxial compression test is one of the typical methods to determine the strength
characteristics of asphalt mixture. It has the characteristics of simple operation and good
economy. Some researchers have tried to establish a DEM model for the uniaxial test of
asphalt mixtures, and use the axial stress-strain to calibrate the parameters. At different
temperatures, the resilient modulus and compressive strength of the asphalt mixture will
change significantly because its viscoelastic characteristics depend on temperature.

The uniaxial compression test of asphalt mixture was carried out according to the Chi-
nese standard [31]. Meanwhile, different temperatures and loading rates were considered
in this study. As for compression failure, its strength increases sharply with the decrease
of temperature. Therefore, based on the preloading results, the test temperatures were
determined to be 10, 20, 40 and 60 ◦C, respectively. The MTS810 material testing machine
was used to load the specimen, and five loading rates were adopted: 1.0, 2.0, 4.0, 8.0 and
16.0 cm/min.

2.3.2. Direct Tensile Test

The direct tensile test is mainly used to evaluate the low-temperature crack resistance
of asphalt mixture. According to the standard [31], the tensile tests were carried out on
asphalt mixture at 10, 20, 40 and 60 ◦C, respectively, and load-time curves were measured
at rates of 1.0, 2.0, 4.0, 8.0 and 16.0 cm/min. The mold and specimen were bonded through
epoxy resin and cured at room temperature for 24 h. Then, the specimen was placed in a
low-temperature chamber to lower to the test temperature, which took about 4 h.

2.3.3. Time Temperature Equivalence Principle

As a viscoelastic material, the mechanical properties of asphalt mixture are related
to the temperature and loading time [32,33]. Under different temperature and loading
frequency, asphalt mixture may present the same mechanical properties, which is called
the time temperature equivalence principle. According to this principle, in the logarithmic
coordinate system mechanical parameters at different temperatures are translated to the
reference temperature, and a smooth curve can be obtained, which is the main curve at the
reference temperature.

2.3.4. Mohr-Coulomb Theory

The mechanical properties of asphalt mixtures are affected by aggregate properties
and stacking structure because of their granular properties. The strength composition of
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asphalt mixture includes the cohesive force generated by asphalt and the inner frictional
resistance generated by aggregate. It is generally believed that the Mohr Coulomb model
can describe well the strength characteristics of materials, as shown in Equation (1) [34].

f = σ1 − σ3 − (σ1 + σ3) sin ϕ − 2c cos ϕ = 0 (1)

where σ1 and σ3 are the maximum and the minimum principal stresses; c stands for the
cohesive force; and ϕ stands for the internal friction angle.

The compressive strength Rc and tensile strength Rt of the specimen when it is broken
can be determined by laboratory tests. For the unconfined compression condition, the
confining pressure of the specimen is 0, which is the minimum principal stress σ3 = 0. For
direct tensile conditions, the maximum principal stress σ3 is 0, and the minimum principal
stress σ1 is −Rt. Therefore, by substituting parameters Rc and Rt into Equation (1), the
cohesive force c and the internal friction angle ϕ can be calculated, as shown in Equations (2)
and (3). It is assumed that the parameter values of asphalt mixture under tensile and
compression tests are the same.

ϕ = arcsin
(

Rc − Rt

Rc + Rt

)
(2)

c =
1
2
√

RcRt (3)

2.4. Numerical Simulation

Based on the results of laboratory tests, further studies were carried out to reveal the
influence mechanism of C&D materials on the uniaxial failure of asphalt mixture under
the microstructure. The 3D DEM model was established to simulate the test specimens
of asphalt mixture, although the established method was also applicable to other asphalt
mixtures [35]. For aggregate particles, a group of spherical particles with different particle
sizes were used in this DEM simulation to replace aggregates. The size of the digital
aggregate follows the particle size distribution shown in Figure 2. The DEM model is
shown in Figure 3.

Figure 3. DEM models of the asphalt mixture for: (a) uniaxial compression; (b) direct tensile.

The specimen of asphalt mixture is composed of aggregate, asphalt mastic and porosity.
In the DEM, the use of spherical particles can simplify the calculation process of asphalt
mixture, so as to save calculation time and memory capacity. At the same time, it is
generally believed that fine particles with size less than 2.36 mm have little influence on
the test results, so spherical particles with unified particle size were used as asphalt mastic.
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The random distribution of aggregate results in the non-uniformity of microstructure in
the sample. The DEM has two important calculation links, i.e., displacement equation
and motion equation. The normal and tangential contact forces were determined by the
contact displacement between the two units, which meets the requirements of Equations (4)
and (5).

Fn = Kn × Un (4)

∆Ft = −Kt∆Ut (5)

where Fn is the normal contact force; Ft is the tangential contact force; Kn and Kt are the stiff-
ness in the normal and tangential directions, respectively; Un is the normal displacement;
and ∆Ut is the tangential displacement increment.

On the other hand, the motion of all units follows Newton′s equations of motion. The
translation and rotation of each unit were determined by the unbalanced force and torques
acting on the unit. Therefore, the motion law of each element at any time should meet the
balance law of translational motion and rotation of a rigid body.

It was necessary to determine the contact form of internal materials and the selection
of contact model in the process of specimen generation. There were three main contact
forms in the numerical specimen: (1) contact between adjacent aggregate particle clusters;
(2) internal unit contact action of asphalt mastic; (3) contact between asphalt mastic and
aggregate. The contact model is used to describe the mechanical action inside materials
and between them. For the assignment of contact models, it was assumed that the contact
parameters between coarse aggregate and asphalt mastic are consistent with those between
internal units of asphalt mastic. Since the stiffness and friction coefficient of recycled
aggregate were variable, Gauss was used to randomly generate the stiffness and friction
coefficient of RA. Among them, the initial stiffness of RA was set as half of the strength of
the fresh aggregate. Burgers model built in PFC5.0 software was applied to describe the
viscoelastic characteristic of asphalt mastic [21]. Therefore, the contact between aggregates
was described by a linear model, and the contact model of asphalt mastic by Burgers model.
All contact parameters were calibrated with laboratory test results, by repeatedly adjusting
the parameters to make the simulation curve close to the test results. The mechanical
parameters after calibration are shown in Table 4.

Table 4. Contact models and parameters at 20 ◦C.

Properties Values

Linear model for aggregates

Effective modulus (Pa) 6.0 × 107

Stiffness ratio 2.4
Friction coefficient 0.17

Burgers model for asphalt mastic

Stiffness of Kelvin (Pa) 3.5 × 106

Viscosity of Kelvin (Pa·s) 4.3 × 104

Stiffness of Maxwell (Pa) 6.3 × 106

Viscosity of Maxwell (Pa·s) 5.4 × 105

Bond strength (Pa) 1.2 × 106

Stiffness ratio 1.0

3. Results
3.1. Experimental Investigations
3.1.1. Uniaxial Compression Test

Figure 4 displays the uniaxial compression test results of asphalt mixture with different
CRA content at 20 ◦C. As an example, the preset loading rate of these tests is 4min/min.
The change trend of the loading curve can be divided into three processes, i.e., elastic
stage, inelastic yield stage and failure stage. Firstly, the mechanical behavior at this stage
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was dominated by elasticity, and the loading curve had a linear growth; the curve in the
inelastic stage displayed a nonlinear change. During this process, the material has a certain
yield state, and the slope of the curve gradually decreases to zero, which is the peak of the
load. After that, the stress decreased rapidly until the asphalt mixture specimen completely
failed. Therefore, the asphalt mixture has a similar failure behavior with different CRA
content, gradually changing from the elastic zone in the initial stage to the inelastic yield
zone, and was destroyed quickly after reaching the peak.

Figure 4. Loading to displacement curves of uniaxial compression tests.

In addition, the results in Figure 4 also showed that with the increase of CRA content,
the failure peak of asphalt mixture decreases and the displacement required for failure
increases. The compressive strength and the compression stiffness modulus were used in
this study to quantify the failure behavior of asphalt mixture. The definitions of the two
parameters were shown in Equations (6) and (7). Since the axial strain corresponds to the
displacement in the test, the stiffness modulus can characterize the ability of the specimen
to resist deformation in the elastic stage.

Rc =
Pc

bl
(6)

Sc =
Rc

εc
(7)

where Pc is the maximum loading at failure; b and l are the width and the length of
specimens; and εc is the axial strain.

Figure 5 shows the failure performance of asphalt mixture mixed with 20% CRA at
different temperatures and loading rates. At different temperatures, the failure strength of
the asphalt mixture increases with the increase of the loading rate, with an approximate
logarithmic function. With the increase of temperature, the change trend of failure strength
with loading rate becomes more and more gentle. The slope becomes smaller and smaller,
and the intercept becomes smaller and smaller. The compression stiffness modulus and
the actual loading rate presents a linear increasing trend. The compressive strength of
asphalt mixture decreases continuously with the increase of temperature under a certain
loading rate. The decreasing range decreases with the increase of temperature, and tends
to be gentle when the temperature was high. Furthermore, at the same temperature, the
higher the loading rate, the greater the compression failure strength, and the lower the
temperature, the more obvious the difference.
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Figure 5. Effect of loading rate and temperature on compression results of 20% CRA mixture: (a) failure strength; (b) stiffness
modulus.

3.1.2. Direct Tensile Test

In the tensile test, the mold of the bonded test piece was connected with the loading
module through movable bolts, so as to reduce the influence of specimen eccentricity. The
influence of CRA content on the direct tensile result of asphalt mixture is shown in Figure 6.
The test temperature and loading rate are 20 ◦C and 4 cm/min respectively. The results
showed that, in the initial stage of loading, the load on the specimen increases linearly
with the increase of tensile displacement. Then, the slope of the loading curve gradually
decreases and tends to be flat, and finally the specimen fractures. Compared with the
uniaxial compression test, the strength attenuation of the direct tensile specimen after
fracture was more rapid, and the amount of strain required for failure was small. Similarly,
it was obvious that the tensile failure stress of asphalt mixture decreases gradually with
the increase of CRA content. When the content of CRA was less than 20%, its tensile stress
was closer to that of ordinary asphalt mixture. When the content of CRA exceeds 20%,
the load associated with failure of asphalt mixture decreases rapidly. This phenomenon
was explained as the lower strength of CRA, which makes the asphalt mixture more
prone to failure at the aggregate–binder interface. Some studies suggested that, due to
the large number of voids in CRA, the thickness of asphalt film around aggregate in the
microstructure decreases significantly with the increase in CRA content, which also affects
the mechanical properties of asphalt mixture [36].

Figure 6. Loading to displacement curves of direct tensile tests.
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The influence of temperature and loading rate on the tensile failure of asphalt mixture
was shown in Figure 7. The content of CRA in the specimen is 20%. The results showed that
the failure strength and stiffness modulus of asphalt mixture decrease with the increase of
temperature. This was because the mechanical behavior of asphalt mixture has rheological
characteristics. With the increase of temperature, the elastic strength of the material
decreases and the visco-plasticity increases. Under the same test temperature, the tensile
failure strength of asphalt mixture increases with the increase in loading rate. Compared
with compression failure, the increase of loading rate also leads to an increase of the gap in
strength and stiffness modulus of tensile failure.

Figure 7. Effect of loading rate and temperature on tensile results of 20% CRA mixture: (a) failure strength; (b) stiffness
modulus.

3.1.3. Mohr-Coulomb Strength

According to Mohr-Coulomb theory, when uniaxial compression and direct tensile
tests were carried out under the same conditions, the test results can draw the correspond-
ing mole circles to represent the strength of asphalt mixture under different stress states.
The cohesive force and internal friction angle of asphalt mixture corresponding to different
temperatures and CRA contents were calculated by Equations (2) and (3), as shown in
Figure 8.

The results implied that the cohesive force of asphalt mixture increases gradually
with the decrease of temperature. The growth rate of cohesive force was very significant.
For example, when the temperature was lowered from 40 ◦C to 20 ◦C, its cohesive force
increases from 0.47 MPa to 1.67 MPa, an increase of more than 2.55 times. However,
with the increase of temperature, the internal friction angle descended initially and then
increases. This phenomenon indicated that temperature is not the only factor affecting the
internal friction angle. From the structural composition, the internal friction force mainly
comes from the interlocked denseness of coarse aggregate. Therefore, with the increase of
temperature, the performance of asphalt binder was gradually weakened, and the function
of coarse aggregate was further enhanced. The results in Figure 8b reveal that CRA plays a
significant role in the properties of asphalt mixture (cohesion force and internal friction
angle). With the increase of CRA content, the performance of the binder was weakened,
and the internal friction angle was gradually smaller due to the edges and corners of the
RA being easily broken. It is reasonable to maintain a stable state for the performance of
asphalt mixture using 20% CRA instead of fresh aggregates.
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Figure 8. Mohr-Coulomb strength with (a) different temperatures and (b) CRA content.

3.2. Numerical Investigations

The above experimental results were obtained by uniaxial compression and tensile
tests using rutted compacted specimens. However, the repeatability of the test results was
still hard to guarantee, since the specimens of asphalt mixture are spatially heterogeneous.
Previous research suggested that high-precision structural scans could be provided to
further explain the influence of component distribution on mechanical properties [13]. This
scanning equipment, such as X-ray CT, is generally costly and requires skilled operators.
To solve this issue, the DEM model was developed in this study to describe the spatial
structure of asphalt mixture using a random field. Meanwhile, the viscoelastic contact
model was added to the simulation, and could be used to accurately evaluate the evolution
law of the test results.

For the verification of DEM, a wide consensus has been reached in previous studies
that all microscopic parameters cannot be obtained by establishing a direct relationship with
macroscopic mechanical behavior [37]. Before the numerical test, many attempts were made
to adjust the parameters in order to achieve the optimal simulation results in this study. The
microscopic parameters of asphalt mixture at 20 ◦C are shown in Table 4. The details are
not described here. Because the random rearrangement of aggregate particles causes the
difference in the internal microstructure of the specimen, the mechanical properties of each
numerical model were not completely the same. The repeatability of uniaxial compression
test and direct tensile test of different specimens could be verified by these DEM models.
Five DEM simulations were carried out on asphalt mixture with 20% RCA content. All
DEM models have the same material properties and loading conditions. In these models,
the spatial distribution of aggregate particles was determined by Gauss function and
random number generator. The comparison between the numerical simulation results and
the laboratory test is shown in Figure 9, where the loading rate is 4 cm/min.

The results in Figure 9 showed that, for the loading curve, the range of linear stage in
the simulation results was larger than that of the experimental results. This was because the
numerical model only provides the elastic constitutive model for contacts, and the plastic
part of the specimen mainly comes from the compaction process of the voids between
particles. With the increase of loading displacement, the contact force between the particles
continued to increase. When it reached the limit of stress, contact bonding failed. Then, a
large number of micro fractures inside the numerical specimen were marked and tracked.
When these micro fractures expanded to penetration, the whole numerical specimen was
destroyed, and the force on the loading wall was attenuated sharply. However, after the
destruction, the specimen in the experiment still had a certain strength, but suffered from
large plastic deformation. This indicated that the role of asphalt binder was always present,
whether the specimen was broken or not. The reason for the difference in numerical
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results was that DEM was not capable of automatically assigning the bonded mode to
new generated contacts. In addition, the comparison of loading results also suggested that
the experiment and numerical simulation had good reproducibility under both types of
experiment.

Figure 9. Loading–displacement curves of experiments vs simulations: (a) compression tests and (b) tensile tests.

Further research was carried out to compare the failure strength and stiffness modulus
of the two methods, as shown in Figure 10. The average failure strength obtained in
the simulation was slightly higher than the experimental result. In compression and
tensile tests, the stiffness modulus of the numerical model was equivalent to the results of
laboratory tests. At the same time, the error calculated by repeated testing of the numerical
model was also within a reasonable limit (less than 15%). It was obvious that the difference
in test results caused by the non-uniformity of the internal structure of the specimen was
inevitable, and the reliability of the laboratory test and numerical results could be ensured
through multiple tests.

Figure 10. Failure strength and stiffness modulus of experiments vs simulations: (a) compression tests and (b) tensile tests.

The above results proved that DEM provides an effective approach to analyze the
mechanical properties of CRA asphalt mixture. Apart from the content of CRA, the
property of CRA is also a key factor affecting the failure behavior of asphalt mixture. Based
on the numerical model established in this study, the influence of the CRA addition on
the performance of asphalt mixture was shown by changing the stiffness ratio of CRA to
limestone aggregate and the friction coefficient of contact models. The contact with the CRA
connection was given a weak stiffness. Figure 11 illustrates the effect of CRA properties
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on Mohr-Coulomb strength. The CRA content in this test is 40%, and the temperature
and loading rate are 20 ◦C and 4 cm/min, respectively. The results showed that, with the
decrease of CRA strength, the nominal cohesion force of the specimen decreased, while
the internal friction angle increased under loading. The strength of CRA had a strong
correlation with the failure performance of asphalt mixture. It was also clear that, when
the strength of aggregate was low, the impact of interlocking action between aggregates
was more significant on structural properties. The results in Figure 11b implied that the
internal friction angle increased with the increase in the friction coefficient. The cohesive
force fluctuates within a certain range with the change of the friction coefficient, and its
amplitude was small. The reason for this phenomenon was that spherical particles are
used to replace irregular aggregates in this study, and the friction coefficient determines
the skeleton performance, which causes the cohesive force of the specimen to change
accordingly.

Figure 11. Mohr-Coulomb strength with properties of CRA: (a) stiffness ratio; (b) friction coefficient.

4. Discussion

Due to the combination of fresh aggregate and RA, the total strength of coarse ag-
gregate decreased with the increase of RA content. Moreover, the angular property and
abrasion of coarse aggregate also changed with the addition of RA. These properties are
closely related to the friction coefficient of particle surface. Therefore, the experimental
results with different CRA content indirectly reflect the changes of the above microscopic
properties, while the DEM provides an effective tool to further predict the effect of CRA
properties on the failure strength of asphalt mixture. Some results and discussion are
included as below.

The experimental results showed that the effect of loading rate on the failure strength
of the CRA asphalt mixture was substantial, especially when the CRA content was more
than 20% and at high temperature. This was because the contact property between asphalt
binder and coarse aggregates was weakened because of the presence of cracks and voids on
the surface of CRA [38]. The rheology of asphalt binder was more obvious at high tempera-
ture. In addition, the CRA content had also a significant influence on the cohesive force and
internal friction angle, according to the Mohr-Coulomb theory. Except as the attenuation in
the thickness of the asphalt binder, the interlocking action between aggregates also plays a
more important role on the failure strength of asphalt mixture at high temperatures.

The distribution and difference of components has an essential influence on the
mechanical properties of asphalt mixture. Parallel experiments were conducted to inves-
tigate the reproducibility of the results in laboratory and simulation. The comparison in
Figures 9 and 10 shows that the failure strength and stiffness modulus had obvious dif-
ferences in these test specimens with the same composition and properties of materials.
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Yu et al. [39] demonstrated that the aggregate segregation during compaction may be an
important factor related to the performance of asphalt mixture. In this study, the error limit
of failure strength in RAC asphalt mixture is from 5% to 15% due to the spatial variation of
aggregate. Therefore, more attempts should be made in future to determine the level of the
CRA segregation and its influence on the difference between failure strength.

The DEM simulation in this study was performed taking the stiffness ratio of CRA to
flesh aggregate into account. It is obvious that the strength of CRA had a good correlation
with the Mohr-Coulomb strength of asphalt mixture. The contact between aggregates
was simplified as the sliding friction in the model. Further study should be conducted
to establish the DEM model of asphalt mixture using the real aggregate morphology
scanned by X-ray CT. In addition, the contribution of coarse and fine aggregates is also an
interesting topic to the failure behavior of materials [40]. The current study only described
the failure curves under loading, and further study should be conducted on both crack
tracks and particle motions microscopically. At last, in order to fully understand the
effect of the extreme climate on the mechanical behavior of asphalt mixture, the influence
of temperature on the deformation and failure should be made clear by the numerical
simulation.

5. Conclusions

This study carried out a laboratory experiment and DEM simulation to investigate
the applicability of CRA in asphalt mixture, and the influence of coarse aggregates on
the failure strength was taken into account. Both uniaxial compression test and direct
tensile test were included. The failure strength of asphalt mixture was determined by
Mohr-Coulomb theory. The main findings were as follows.

(1) Temperature and loading rate have a significant influence on the failure strength of
asphalt content added by CRA. Along with decrease of temperature, both failure strength
and stiffness modulus rapidly enhance. When the temperature was lowered from 40 ◦C to
20 ◦C, its cohesive force increased from 0.47 MPa to 1.67 MPa, an increase of more than
2.55 times. Meanwhile, as the loading rate increased, the changes of its failure strength
presented a logarithmic upward trend.

(2) CRA content affects the failure properties of asphalt mixture. Along with increase
of CRA content, both cohesion force and internal friction angle were gradually weakened.
It is applicable to maintain a stable state for the performance of asphalt mixture using 20%
CRA instead of fresh aggregates.

(3) The proposed DEM model is a reasonable tool to predict the failure strength of
asphalt mixture using CRA. The experimental and simulated specimens yielded highly
consistent and repeatable results. The error of repeated tests by random models was less
than 15%.

(4) The strength of CRA had a strong correlation with the Mohr-Coulomb strength
of asphalt mixture. The simulation showed that, with the decrease of CRA strength,
the nominal cohesion force of the specimen decreased, while the internal friction angle
increased. Meanwhile, the friction angle of asphalt mixture increased linearly with the
friction coefficient of contact models.
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