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Reclaimed asphalt pavement (RAP) mainly contains asphalt binder and aggregates, and the RAP materials used in paving roads
could save virgin materials. /is paper studied the following: asphalt mixture with different RAP material contents was prepared;
then the indirect tensile test was carried out, and the mesoscopic model of the recycled asphalt mixture was reconstructed digitally.
Discrete element method (DEM) of indirect tensile test was carried out to analyze the mechanical properties of recycled asphalt
mixture in mesoscopic perspective. /e results showed that there were some gaps between the simulation result of the digital
specimen model and the test value of the recycled asphalt mixture, but the velocity vector and the law of force chain development
of the recycled asphalt mixture could be explained in mesoscopic perspective. It proved that the virtual simulation test of the
mechanical test was effective. /e damage process of recycled asphalt mixture was analyzed in mesoscopic perspective, and the
unification of mechanical response and macroscopic appearance was completed. Meanwhile, the simulation method of
mesoscopic mechanics was an effective supplement to traditional tests, and guided tests method theoretically.

1. Introduction

Asphalt pavement is used widely in the construction of
highways in the world because of its excellent performance
[1]. However, the service life of asphalt pavement could be
affected by severe climate and overload [2–4]. /e envi-
ronmental condition and repeated load lead to pavement
distress such as fatigue cracking, permanent deformation,
low-temperature cracking, and moisture damage. /en, the
damaged asphalt pavements are discarded, resulting in a lot
of waste of resources. /e resource conservation and en-
vironmental problems attracted attention and became the
focus in more research [5, 6]. Recycled asphalt and aggregate
are used in asphalt pavement, saving the use of aggregate and
asphalt in paving roads. RAP materials from damaged as-
phalt pavements contain asphalt and aggregate. Moreover,
the use of RAP materials in asphalt pavement reduces the
consumption of raw materials (asphalt and aggregate) and

saves resources. /e fatigue and cracking properties of
recycled asphalt mixtures decline compared with hot mix
asphalt (HMA) because of aged bitumen and reduction in
brittleness of the mixtures containing high RAP contents.
Additionally, aging in asphalt and secondary aging of RAP
materials may happen due to excessive construction tem-
perature [7–12]. Hence, the RAP material contents used in
recycled asphalt mixtures are generally less than 30%.
Furthermore, the tensile strength, resistance to rutting, low-
temperature cracking, and fatigue cracking of recycled as-
phalt mixture should be concerned.

Montanez [13] studied the rheological properties, me-
chanical properties, and moisture damage of fine aggregates
from different RAP material sources and evaluated the
differences between RAP materials. /e results showed that
the single source of RAP materials or the homogenization
process between different RAP material sources was sig-
nificant for manufacturing HMA. Goli [14] used indirect
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tensile strength, indirect tensile fatigue failure, semicircular
bending, and dynamic creep tests to study the effect of
moisture damage on the performance of asphalt mixtures.
/e results showed that the warm mix asphalt containing
RAP materials has hydrophilicity, moisture sensitivity, and
aging properties but has an inhibitory effect on the influence
of moisture performance. Rathore [15] evaluated the asphalt
mixing parameters (mixing temperature, mixing time, and
equipment) of recycled asphalt mixture with high RAP
content using the indirect tensile strength and the stiffness
modulus test. /e results showed that mixing and heating
temperature were important parameters in producing
recycled asphalt mixture. Zhu [16] examined the perfor-
mance of high modulus asphalt mixture containing RAP
materials including high-temperature performance, low-
temperature performance, and moisture susceptibility. /e
fatigue and crack behavior of recycled asphalt mixture are
significant design indexes, which affects the use of pavement.
In previous studies, the long-term life of recycled asphalt
pavement was considered through indirect tensile strength
test, fatigue failure test, semicircular bending test, and
modulus tests. Scientists and engineers studied that the
mechanical properties of recycled asphalt mixtures were
affected by the use of regenerants, the content of RAP
materials, and environmental conditions. Furthermore, the
indirect tensile test obtains the failure strength and defor-
mation parameters to evaluate the mechanical properties of
the material. However, the composition structure of the
recycled asphalt mixture is more complex and uneven
compared with HMA [17]. /us, the indirect tensile test is
difficult to define the internal damage law of the asphalt
mixture accurately.

Meanwhile, the mesoscopic mechanics method provides
the way for the study of the mechanical behavior of asphalt
mixtures. Numerical simulation is an effective method to
research the occurrence and development of cracking in
asphalt mixtures. At present, there are two different nu-
merical methods used extensively for such investigations:
finite element method (FEM) and discrete element method
(DEM). /e FEM represents discrete elements in the actual
continuous domain and was widely used to study the
cracking behavior of homogeneous materials using the
continuum mechanics theory [18]. However, asphalt mix-
tures are discontinuous in material distribution and me-
chanical parameters./erefore, the microcracking of asphalt
mixture is difficult to simulate based on the FEM accurately.
DEM uses explicit difference algorithms for mechanical
research in mesoscopic perspective, which is suitable for
studying the force of granular mixture. It decomposes the
asphalt mixture into spherical elements or disks elements of
unit thickness, which quantify the internal stress of the
asphalt mixture during loading [19, 20]. Moreover, it reflects
the particle properties and discontinuous characteristics of
asphalt mixtures. Compared with continuum mechanics,
DEM is a simulation method to research asphalt mixture
with heterogeneous and particulate characteristics [21–23].

Wu [24] modified asphalt mixtures with styrene-bu-
tadiene-styrene (SBS) and established the DEM model of
AC-16 asphalt mixture. During the grinding process,

asphalt mixture was avoided from being broken into large
pieces considering reducing the damage of the aggregate.
Ma [25] researched the air void of the asphalt mixture
during the compaction process and the characteristics of
the mesoscopic structure changes. DEM was used to es-
tablish a numerical simulation method for compaction
considering critical particle size and boundary effects in
the study. Wang [26] researched that the simplified vis-
coelastic continuum damage model was used to charac-
terize the recycled asphalt pavement according to the
material properties, traffic load, and climatic conditions,
and the result showed that the theoretical performance
predictions matched the field performance. Qian [27]
investigated the Marshall impact compaction and static
compaction methods by using DEM simulation to eval-
uate the compacting effects of the compaction process. In
the compaction process, the size distribution of particles
was unevenly distributed in a horizontal direction due to
the large size particles (>16mm) being difficult to move in
the dense specimen. Yu [28] studied that the DEM was
used to investigate the effect of aggregate size and an-
gularity distribution on dynamic modulus, which evalu-
ates the aggregate effect on fatigue and rutting
performance and provides the guide to improve the
mixing design. Researches showed that DEM is used to
simulate the compaction of the specimen and then sim-
ulate the performance test. /e method is scientific and
could complete experimental conditions that cannot be
achieved in the laboratory.

As the heterogeneous and particulate mixture, recy-
cled asphalt mixture is the discontinuous medium ma-
terial with complex components. Many scholars
researched the traditional properties of recycled asphalt
mixtures, but there is little research on the analysis of the
mesoscopic damage evolution of recycled asphalt mix-
tures based on the DEM. In this study, the indirect tensile
tests of recycled asphalt mixture with different RAP
material contents were conducted, then the mesoscopic
model of the recycled asphalt mixture was reconstructed
digitally based on DEM, and the simulation method was
used to research the mesoscopic damage of recycled as-
phalt mixture. /e objective of this paper is to research the
damage process of recycled asphalt mixture in mesoscopic
perspective and carry out the unification of mechanical
behavior and macroscopic appearance to supplement the
traditional tests effectively. /e flow chart of research is
presented in Figure 1.

2. Materials

2.1. Asphalt Binder and Aggregate. SK-90# asphalt was used
in the test, and its properties are shown in Table 1. /e
penetration (25°C), specific gravity (15°C), ductility (15°C),
softening point, and residual penetration ratio (25°C) test
were conducted according to the Standard Test Methods of
Bituminous Mixtures for Highway Engineering of China
(JTG E20-2011) [29]. Additionally, the aggregate with the
nominal maximum aggregate size (NMAS) of 16mm was
selected, and the indexes are shown in Table 2.
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2.2. RAP Materials and Rejuvenator. /e RAP materials of
Gonghe-Yushu Expressway in Qinghai Province were
separated by centrifugal separation, and the asphalt
content was 5.13%. Meanwhile, the trichloroethylene
solvent extraction method was used to collect the ag-
gregates./e sieving results of RAPmaterials are shown in
Table 3. /e RAP material contents of 0%, 15%, 30%, 45%,
and 60% in recycled asphalt mixture corresponded to the
optimum asphalt content of 4.72%, 4.87%, 4.81%, and
4.71%, respectively. And the optimum rejuvenator con-
tent was 0.2% of RAP material contents. /e Marshall
design method was used for grading design, and the
aggregate grading is shown in Figure 2.

3. Numerical Simulation in Discrete
Element Method

/e two-dimensional particle flow code (PFC2D) is mainly
based on numerical methods, using circular particle ele-
ments to simulate the motion and interaction of the particle
medium to perform numerical simulation analysis, then the
simulation results of local elements are used to research the
constitutive model of overall material calculation [30].
Furthermore, the explicit difference algorithm and the
mesoscopic mechanics in the discrete element theory were
used to analyze the overall mechanical properties of the
materials. In this paper, the digital model for the indirect
tensile test of recycled asphalt mixtures was established, and
the servo mechanism was used to control the load appli-
cation of the digital specimen, then the mesoscopic damage
changes of the specimen were tracked during the loading
process. /e difference between the numerical simulation
and the experimental results was compared, and the feasi-
bility of the DEMwas verified [31–34]. A binary image of the
cross section of specimen was obtained as the numerical
simulation object of the indirect tensile test and is shown in
Figure 3. /e pixel coordinates of the aggregates, reclaimed
aggregates, and asphalt mortar were extracted, and the
coordinate reading of the mesoscopic model was completed.
/en, the coordinates of each component were imported
into the discrete element software to generate a two-di-
mensional digital sample of the recycled asphalt mixture.
/e coordinated results of aggregates, reclaimed aggregates,
and asphalt mortar are shown in Figure 4.

3.1. ConstitutiveModel. In Figure 5, the constitutive models
in PFC2D include stiffness model, sliding model, and
bonding model. Moreover, the stiffness model is the rela-
tionship between contact force and relative displacement,
the sliding model is the relationship between tangential and
normal contact forces (two contacting particles may rela-
tively slide), and the bonding model imposes constraints on
the contacting particles. What is more, the mesoscopic
model included an internal contact of aggregate, aggregate-
aggregate contact, reclaimed asphalt mortar-aggregate
contact, and internal contact of reclaimed asphalt mortar.
Burger’s model is used to describe the viscous behavior of
the asphalt mixtures, which is the combination of Kelvin
model (spring and dashpot in parallel) and Maxwell model
(spring and dashpot in series). /e Kelvin model describes
creep and creep recovery behavior, and the Maxwell model
describes the mechanical behavior of stress relaxation. After
the two models are connected in series, the creep and stress
relaxation characteristics of the material could be described,
which is suitable for the force analysis of viscoelastic ma-
terials. Additionally, the aggregates and reclaimed aggre-
gates are regarded as elastic materials, and their constitutive
mechanical properties are characterized by the spring model
[35, 36]. /e contact inside the aggregate and between
adjacent aggregates is described by a linear contact model,
which is characterized by two springs connected in series, as

Study on mesoscopic mechanics of recycled asphalt mixture in
indirect tensile test

Indirect tensile test of recycled asphalt mixtures with
different RAP material contents 

Mechanical analysis Evolution analysis of
velocity vector 

Evolution analysis of
force chain 

Numerical simulation of indirect tensile test

Reconstruction of mesoscopic model
of recycled asphalt mixture 

Mesoscopic damage evolution of recycled asphalt mixture

Pixel coordinates and constitutive
model of recycled asphalt mixture 

Figure 1: /e research plan chart.

Table 1: Technical properties of SK-90# asphalt binder.

Test Unit Result Standard
Penetration test (25°C, 5s, 100g) 0.1mm 95 T0604
Ductility test (15°C) cm >100 T0605
Softening point (°C) °C 44.5 T0606
Solubility % 99.62 T0607
Specific gravity (15°C) g/cm3 1.030 T0603

RTFOT

Mass loss % 0.4 T0609
Residual penetration ratio

(25°C) % 57.8 T0604

Ductility (10°C) cm 12 T0605

Table 2: Technical properties of Aggregate.

Test Unit Result Standard
Coarse aggregate specific gravity g/cm3 2.758 T0304
Fine aggregate specific gravity g/cm3 2.746 T0328
Water absorption % 1.02 T0304
Crush value % 19.8 T0316
Los Angeles abrasion value % 19.1 T0317
Flakiness % 2.6 T0312
Sand equivalent % 1 T0310
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shown in Figure 5(c). What is more, the stiffness model at
the contact point of the reclaimed asphalt mortar is de-
scribed by the Burgers model in the normal and shear di-
rections, as shown in Figure 5(a). /e stiffness model of the
contact between the aggregate and the reclaimed asphalt
mortar is made up of the spring element and the Burgers
model in series, as shown in Figure 5(b). Meanwhile, the
aggregates and reclaimed aggregates were represented by
spring element, and the reclaimed asphalt mortar was
represented by the Burgers model. /e sliding model at all
contact points is expressed by the friction coefficient μ, and
the bonding model is expressed by the tensile strength and
the shear strength.

3.2. Model Reconstruction in DEM Simulation. In the
mesoscopic model, the irregular aggregates and reclaimed
asphalt mortar are composed of disks with single particle
size. For example, in the cross section of the recycled asphalt
mixture with 40% RAP materials, the cross section of the
digital sample was composed of 11277 disks discrete element
particles. /e number of basic units constituting the ag-
gregate was 5026, the number of basic units of the reclaimed
aggregate was 1989, and the number of basic units of the
reclaimed asphalt mortar was 4262. /e generated two-di-
mensional digital specimen of the recycled asphalt mixture is
shown in Figure 6.

With the mesoscopic structure of the recycled asphalt
mixture, the mesoscopic parameters of the two-dimen-
sional digital specimen model of the recycled asphalt
mixture were set up, as shown in Tables 4 and 5. According
to the two-dimensional digital model, the bond strength of
the digital specimens was 4%. /e bonding stiffness of
digital specimens with 0%, 10%, 20%, and 40% RAP
material was selected as 4, 1, 0.5, and 1, respectively. And
the friction coefficients μ were 0.5, 0.3, 0.1, and 0.1, re-
spectively. /e indirect tensile test of asphalt mixture is to
apply load to the cylindrical specimen of a specified size at
the loading speed. And a dial indicator is used to measure
the vertical and horizontal deformation of the specimen
until the specimen is split and destroyed. /e indirect
tensile test of the two-dimensional digital specimen of
recycled asphalt mixture was carried out by controlling
the loading plate to load at 1mm/min rate. /e FISH
language functions were used for secondary program
development, and the servo mechanism control load
application was carried out, tracking and monitoring the
development of stress-strain, velocity vector, and force
chain. /e sample model after setting the loading plate is
shown in Figure 7.

/e constitutive relationship of Burger’s contact model is
expressed by

fn � Cmn _umn � ukKkn + _ukCkn � Kmnumk,

fs � Cms
_δmc � δkKks + _δkCks � Kmsδmk,

un � uk + umk + umc,

us � δk + δmk + δmc,

(1)

where Cmn, Cms, Ckn, Cks—dashpot viscosity; Kkn, Kks, Kmn,

Kms—spring stiffness; umk, δmk—the spring displacement of
Maxwell model element in normal and shear direction; umc,
δmc—the dashpot displacement of Maxwell model element
in normal and shear direction; fn, fs—normal and shear
force at the contact point; un, us—normal and shear dis-
placement at the contact point; uk, δk—the displacement of
Kelvin model element in normal and shear direction.

Table 3: Gradation of RAP materials.

Size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing (%) 100.00 94.43 77.20 43.82 28.54 21.19 15.70 11.54 7.91 4.61
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Figure 2: /e aggregate grading of asphalt mixture.

Figure 3: Binary image.
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4. Results and Discussion

4.1. Verification of the Discrete ElementModel. As illustrated
in Figure 8, there are differences between the discrete ele-
ment simulation test and the test results. Because the pa-
rameters in the two-dimensional mechanical model were
greatly simplified, resulting in a low consistency between the
virtual model and test sample. What is more, in the
mesoscopic model constructed by the DEM, the air void in
the model was different from the test specimen. /e com-
ponents of the recycled asphalt mixture were complex, and
the mesoscopic composition of structure was not clear, and
the recognition of particle edge, binarization, and the co-
ordinate reading of each component resulted in the loss of
particle image information in the image processing. How-
ever, the overall simulation reflected the splitting strength
value of the numerical specimens of recycled asphalt

mixture, which showed that the discrete element simulation
of splitting strength test was feasible under certain
conditions.

4.2. Velocity Vector Evolution Analysis. /e indirect tensile
test of the two-dimensional digital specimen was carried out
by controlling the moving speed of the loading plate. /e
internal damage of the digital specimens with different RAP
materials at the initial and completion loading was mea-
sured, respectively, which performed the failure process
under the virtual test.

In Figure 9, the deformation of the digital specimen at
the initial loading is mainly void compression. /e voids
were compressed during the initial loading, and the speci-
mens reached the dense state. It showed that the mesoscopic
performance of the digital specimens was consistent with the
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Figure 4: /e coordinates of each component. (a) Asphalt mortar. (b) Aggregate. (c) Recycled aggregate.
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macroscopic phenomenon. Furthermore, the compactness
of digital specimens with different RAP material contents is
different after initial loading. When the initial loading of
specimen was completed, the color of the velocity vector area
with the HMA was obviously lighter than that of others. On
the other hand, the color of the specimen with 40% RAP
materials was the darkest, and the sample had been de-
formed. During the simulation loading process, the HMA
reached the dense state at the latest, but the compaction of
digital specimen mixed with different RAPmaterial contents
was relatively faster. It showed that the digital specimen with
higher RAP material contents could reach the compact state
easily in the simulation test. At the same loading time step,
when the compaction of specimen was faster, the pressure-
bearing time would be longer, and the occurrence of cracks
would be easier. /erefore, the addition of RAP materials to
the asphalt mixture had an impact on the compactness.
What is more, the crack resistance of the mixture decreased
as the content of RAP materials increased.

Figure 10 shows that the specimens with different RAP
material contents all have shear failure, and the shear surface
has been marked in red in the figure. /e digital specimens
suffered shear failure when the load plate pressure reached
the peak. Moreover, the shear failure surface was roughly
divided into four directions and far away from the moving
loading plate. And the failure surface was also shown as
shear failure along a certain angle. /e sample test and the

mesoscopic characterization of numerical model were al-
most coincident, which verified the reliability of the DEM.
When the loading was completed, parts of the particles were
scattered of the digital specimens with 0%, 10%, and 20%
RAP materials, while more particles in the specimens with
40% RAPmaterials were scattered in the model area, and the
damage was obvious. Because the specimen with 40% RAP
materials had already been damaged before the stop node
was controlled by the loading plate, the loading plate still
applied load after failure, which caused the particles to
rearrange and bear pressure randomly.

4.3.EvolutionaryLawof theForceChain. Figure 11 shows the
contact force chain gradually running through the entire
specimen as the load time increased. Below the loading plate,
its force chain was mainly manifested as a pressure force
chain, which extended in the vertical direction. In addition,
the force chain on the outer edge of the specimen was mainly
manifested as a tensile force chain distributed along the edge
of the test specimen. At the same time, the particles con-
tacted and transferred the load, and the internal pressure of
the specimen was kept in a synchronized state. /e edge area
of tensile stress of the digital specimen with 40% RAP
materials was obviously more than that of others in the
initial loading, and the internal compressive stress area of the
specimen had the wider influence range. It indicated that the
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crack resistance of the digital specimen with 40% RAP
materials was poor. /e edge force chain of the HMA was
tensile force, and the internal pressure force chain was
mainly distributed. It was obviously better than the digital

specimen mixed with RAP materials, indicating that the
crack resistance of the HMA was better than that of the
recycled asphalt mixture. /erefore, the force chain distri-
bution diagram showed the mechanical response of the

(a) (b) (c)

(d)

Figure 6: /e two-dimensional digital specimen of the recycled asphalt mixture. (a) 0% RAP. (b) 10% RAP. (c) 20% RAP. (d) 40% RAP.

Table 4: Aggregate particle parameters.

Parameters Density Normal stiffness (particle) Shear stiffness (particle) Normal stiffness (contact) Shear stiffness (contact)
Unit kg/m3 109N/m 109N/m 109N/m 109N/m
Value 2650 2.0 2.0 1.0 1.0

Table 5: Parameter values of Burger’s model.

Parameters Value

Maxwell

Normal stiffness (109N/m) 70.0
Normal viscosity (Pa·s) 6.0
Shear stiffness (109N/m) 25.0
Shear viscosity (Pa·s) 2.0

Kelvin

Normal stiffness (109N/m) 4.0
Normal viscosity (Pa·s) 0.5
Shear stiffness (109N/m) 1.5
Shear viscosity (Pa·s) 0.1

Coefficient of friction 0.5

Loading
platen

Cylindrical
sample

Figure 7: Loading model with specimen.
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Figure 9: /e vector diagram of specimens with different RAP content at the initial loading speed. (a) 0% RAP. (b) 10% RAP. (c) 20% RAP.
(d) 40% RAP.
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(a) (b)

(c) (d)

Figure 10:/e vector diagram of specimens with different RAPmaterial contents at the completed loading speed. (a) 0% RAP. (b) 10% RAP.
(c) 20% RAP. (d) 40% RAP.

(a) (b)

Figure 11: Continued.
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indirect tensile test in mesoscopic perspective. Meanwhile, it
explained the mesoscopic evolution rule of the indirect
tensile test and was consistent with the macroscopic results.

As shown in Figure 12, when the test specimen is
loaded completed, the digital test specimen all occurs
shear failure. /e contact force between the particles in

(c) (d)

Figure 11: /e force chain distribution diagram of specimens with different RAP material contents at the initial loading speed. (a) 0% RAP.
(b) 10% RAP. (c) 20% RAP. (d) 40% RAP.

(a) (b)

(c) (d)

Figure 12: /e force chain distribution diagram of specimens with different RAP material contents at the completed loading speed. (a) 0%
RAP (b) 10% RAP. (c) 20% RAP. (d) 40% RAP.
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each test specimen gradually weakened, the particles
separated under the loading, and the particles were
rearranged randomly under the external loading. It could
be shown that the internal particle contact force of the
specimen with 40% RAP materials was more damaged
than other specimens when the loading was completed.
Furthermore, the disk units of the model were scattered
around, parts of the aggregate particles were obviously
broken, and the contact force chain disappeared. /e
macroscopic appearance of the indirect tensile test was
that the specimen partially cracked at the initial loading.
As the load increased, the cracks rapidly expanded to
penetration, and the specimen eventually failed.

5. Conclusion

/e indirect tensile simulation test explained internal
damage law from mesoscopic perspective. It verified the
feasibility of the DEM and provided the mesoscopic study of
the traditional test method. /e main conclusions are as
follows:

(i) /e two-dimensional digital image reconstruc-
tion in DEM was carried out, and the model
parameter was selected to complete the virtual
mechanical test simulation of the digital recon-
struction specimen.

(ii) /e indirect tensile simulation test results showed
that there is still a certain gap with the laboratory
test after the comparison of mesoscopic parameters.
However, the simulation results could reflect the
split strength of the numerical specimens.

(iii) When the loading was completed, the specimen
with 40% RAP materials was damaged more than
other specimens. Meanwhile, more particles in the
specimens with 40% RAP materials were scattered.
/e high RAP material contents in recycled mate-
rials will have a negative impact on the crack re-
sistance of the mixture.

(iv) /e indirect tensile simulation test of recycled as-
phalt mixture explained the internal damage law in
the mesoscopic perspective and provided a meso-
scopic method of the traditional laboratory test
method of recycled asphalt mixture.
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