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)e numerical simulation based on the discrete element method (DEM) is popular to analyze the material behavior of asphalt
concrete in recent years because of the advantage of the DEM in characterizing the heterogeneous microstructures. As a type of
viscoelastic material, the rheological behavior of asphalt concrete is represented depending on the mesoscopic viscoelastic contact
model between two particles in a contact in DEM simulations. However, what is missing in the existing literature studies is analysis
of the influence of the mesoscopic viscoelastic contact models. Hence, the existing mesoscopic viscoelastic contact models are
employed to build different types of DEM numerical samples of asphalt concrete in this study. Laboratory tests and the cor-
responding numerical tests at different temperatures and frequencies are implemented to investigate the difference in simulation
precision in the case of using different mesoscopic viscoelastic contact models via the rheological index of dynamic modulus and
phase angle. )e results show the following: (1) the mesoscopic generalized Maxwell contact model provides the best simulation
precision at low temperatures; (2) the mesoscopic generalized Kelvin contact model shows an improved precision at high
temperatures; and (3) although the mesoscopic Burgers contact model has the simplest mathematical structure, the simulation
precisions are obviously lower than those of the other two contact models, particularly when simulating the phase angle at low
temperatures and frequencies. )e results will be beneficial to select the appropriate mesoscopic contact model for the DEM
modeling of asphalt concrete according to the loading conditions.

1. Introduction

Asphalt concrete is one of the most important construction
materials in the highway industry [1], which can be treated as
a three-level distributed system: the coarse aggregates, the
asphalt mastics, and the voids [2, 3]. )e existence of coarse
aggregates leads to the conspicuous granular behavior of
asphalt concrete [4, 5]. Hence, the discrete element method
(DEM) introduced by Cundall and Strack [6, 7] for studying
granular materials [8] draws engineers’ great attention. Since
the mid-2000s, the DEM has become a prevailing modeling
and simulation method for studying the performance of
asphalt concrete, of which the foremost advantage for

characterizing some important mechanical and structural
performance of asphalt concrete is that the method provides
an explicit treatment of the materials at a mesoscopic level.

In the numerical simulation based on the DEM, asphalt
concrete is always modeled using three parts: the coarse
aggregate elements, the asphalt mastic elements, and the
void elements. )e performance of the aggregate-mastic
interaction is characterized as that of contacts between
coarse aggregate elements and asphalt mastic elements.
Materials in the DEM are modeled as a system of distinct,
interacting, and spherical particles subject to motion and
deformation. A force-displacement law updated each time
step is acted on the contacts between particles, from which
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macroscopic characteristics of materials are obtained
through the interaction of contacts between particles at the
mesoscopic scale. )ereupon, complex mechanical charac-
teristics of materials can be elucidated by DEM simulations
[9]. )e focus of this paper is the force-displacement law
(i.e., the mesoscopic contact model) in the DEM.

In the DEM models, the coarse aggregates treated as the
densely assembled elastic particles described their interac-
tions by the mesoscopic elastic contact models. )e asphalt
mastics, containing the asphalt binder, fine aggregates, and
mineral powder, are treated as the densely assembled vis-
coelastic particles with equal radius, and their interactions
are described through the mesoscopic viscoelastic contact
models. Obviously, the mesoscopic viscoelastic contact
models acting on the interactions of asphalt mastic particles
play a significant role in characterizing the rheological be-
havior of asphalt concrete.

In the past decade, the applied mesoscopic viscoelastic
contact models are increasingly complex. At first, the simple
bond contact model was used to describe the viscoelastic
properties of asphalt mastics in the studies of Kim et al.
[10–12] andMahmoud et al. [13]. Afterwards, Qian et al. [14]
and Yang et al. [15] adopted the cohesive models to reflex the
viscosity characteristics of asphalt mastics. Meanwhile, a
mesoscopic Burgers viscoelastic contact model (embedded
by “Itasca Corporation”) instead of the simple bond contact
models was applied in analyzing the viscoelastic mechanical
response of asphalt concrete [16–34]. Research showed that
mesoscopic viscoelastic contact models influenced the as-
phalt concrete performance significantly, especially the
rheological behavior. )e Burgers contact models used in
these studies are all invoked directly from the software (PFC)
produced by Itasca Corporation. Subsequently, Ren and Sun
[35] developed a newmesoscopic viscoelastic contact model,
namely, the mesoscopic generalized Maxwell contact model,
which could describe the low-temperature rheological be-
havior of asphalt concrete more accurately than the
mesoscopic Burgers contact model in the DEM [36–38].
Shimizu et al. [39] and Jin et al. [40] put forward the
mesoscopic generalized Kelvin contact model in the DEM
but had not been applied to asphalt-based materials.

)e mesoscopic Burgers contact model (B-model), the
mesoscopic generalized Maxwell contact model (M-model),
and the mesoscopic generalized Kelvin contact model (K-
model) are the only three mesoscopic viscoelastic contact
models in the DEM simulations at present. However, what is
missing in the existing literature studies is analysis of the
influence of the three mesoscopic viscoelastic contact
models on characterizing the rheological behavior of asphalt
concrete. Hence, there is not efficient guidance that selects
the appropriate mesoscopic viscoelastic contact model un-
der different loading conditions in the DEM simulations.

In response to the above problem, three types of asphalt
concrete DEM models using the B-model, M-model, and
K-model are built to investigate the difference in their
rheological behaviors compared to the experimental data
based on the dynamic modulus and phase angle via the
dynamic modulus tests in the case of different temperatures
(− 6°C, 4°C, 16°C, 27°C, and 38°C) and loading frequencies

(0.1Hz, 0.5Hz, 1Hz, 5Hz, 10Hz, and 25Hz). )e results
will be beneficial to select the appropriate mesoscopic
contact model for the DEM modeling of asphalt concrete
according to the loading conditions.

2. DEM Model of Asphalt Concrete

2.1.Numerical Sample. Figure 1 shows the numerical sample
of asphalt concrete using a 2D DEM modeling technology
proposed in our previous study [36] based on the software
PFC. )e numerical sample contained coarse aggregate el-
ements (red region), asphalt mastic elements (black region),
and void elements (white region).

)e coarse aggregate elements represent the aggregates
whose diameters are larger than 1.18mm. )e asphalt
mastic elements represent the combination of the asphalt
binder and fine aggregates whose diameters are smaller
than 1.18mm. )e coarse aggregate elements and asphalt
mastic elements are both treated as densely assembled balls
with an equal radius (0.5mm), and there is no ball in the
void elements.

2.2. Constitutive Relations of Different Contacts in Numerical
Samples. In the numerical sample, four types of contacts in
the numerical sample of asphalt concrete are used to rep-
resent four different interactions: contacts within coarse
aggregate elements, between adjacent coarse aggregate ele-
ments, between coarse aggregate elements and asphalt
mastic elements, and within asphalt mastic elements. Ob-
viously, the properties of any contact in the numerical
samples can be characterized through getting the corre-
sponding mesoscopic contact models of the two balls (two
identical aggregate elements, two different aggregate ele-
ments, two identical mastic elements, or one aggregate el-
ement and a mastic element) in a contact.

Figures 2–4 present the constitutive relations of different
contacts in the numerical samples using the B-model,
M-model, and K-model, respectively. )ereinto, k and η
represent the spring stiffness and the Newton dashpot vis-
cosity. )e superscripts a and b represent the parameters of
the two balls in contact. )e superscripts B, M, and K
represent the values of physical quantities in the case of using
the B-model, the M-model, and the K-model. )e subscripts
n and s represent the values of physical quantities in the
normal direction and shear direction.

As shown in Figures 2–4, the constitutive relations
within aggregates and between adjacent aggregates are the
same among different types of numerical samples, which are
described via two tandem springs acting on the coarse ag-
gregate element.

)e constitutive relations between aggregates and
asphalt mastics are characterized via stringing one spring
acting on the coarse aggregate element and one meso-
scopic viscoelastic contact model acting on the asphalt
mastic element. )e constitutive relations within asphalt
mastics are represented via two tandem mesoscopic vis-
coelastic contact models acting on the asphalt mastic
element.
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As previously mentioned, the B-model is employed as
the built-in model of PFC in the existing studies. )e
M-model and the K-model have been developed by Ren and
Sun [35] and Shimizu et al. [39] via the finite difference time-
domain method [41], respectively. For a more detailed and
rigorous introduction about the mathematic relations of the
M-model and K-model, readers can refer to the studies of
Ren and Sun [35] and Shimizu et al. [39].

2.3. Parameter Calibration of Constitutive Relations. )e
parameters of the constitutive relations shown in
Figures 2–4 can be estimated indirectly using the inference
from parameters of the corresponding macroscopic con-
stitutive models. )e parameters of the springs are obtained
via the Young modulus of the coarse aggregates in the
existing studies. )e parameters of the mesoscopic visco-
elastic contact models are usually calculated via the dynamic
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Figure 1: Numerical sample of asphalt concrete.
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Figure 2: Constitutive relation of contacts in numerical samples using the B-model.

Advances in Civil Engineering 3



Normal direction Shear direction

a: aggregate b: aggregateContacts within aggregates and between adjacent aggregates

a b a b
μk0,n

a,M k0,s
a,M k0,s

b,Mk0,n
b,M

(a)

Normal direction Shear direction

a: aggregate b: asphalt masticContacts between aggregate and asphalt mastic

μ
a ba b

k0,n
a,M k0,s

a,M

k2,s
b,M

k1,s
b,M

k2,n
b,M

k1,n
b,M

η2,n
b,M η2,s

b,M

η1,n
b,M η1,s

b,M

ηi+1,n
b,Mki+1,n

b,M ηi+1,s
b,Mki+1,s

b,M

(b)

μ

Normal direction Shear direction

a: asphalt mastic b: asphalt masticContact within asphalt mastics

a ba b
k1,n
a,M k1,n

b,M k1,s
a,M k1,s

b,M

k2,n
a,M k2,n

b,M η2,n
b,Mη2,n

a,M
k2,s
a,M k2,s

b,M η2,s
b,Mη2,s

a,M

η1,n
a,M η1,n

b,M η1,s
a,M η1,s

b,M

ηi+1,n
a,M

ki+1,n
a,M ηi+1,n

b,M
ki+1,n
b,M ηi+1,s

a,Mki+1,s
a,M ηi+1,s

b,M
ki+1,s
b,M

(c)

Figure 3: Constitutive relation of contacts in numerical samples using the M-model.
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Figure 4: Continued.
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modulus and phase angle of the asphalt mastic at different
frequencies. )e parameter calibration method of the
B-model, the M-model, and the K-model has been estab-
lished by Liu and You [22], Ren and Sun [35], and Jin et al.
[40], respectively, which is not detailedly introduced here.

)e Young modulus of the coarse aggregates is 59.2GPa.
)e gradation of the asphalt mastic used in this study is
shown in Table 1.

)e dynamic modulus and phase angle of the asphalt
mastic are measured at different temperatures (− 6°C, 4°C,
15°C, 27°C, and 38°C) and frequencies (0.1Hz, 0.5Hz, 1Hz,
5Hz, 10Hz, and 25Hz), of which the testing results are
shown in Figure 5. )e parameters of the numerical samples
using the B-model, the M-model, and the K-model are listed
in Tables 2–4, respectively.

)e parameters can be assigned to the discrete elements
using the PFC command “prop pa_name pa_value range id
id_DE.” “prop,” “range,” and “id” are the built-in commands
of PFC. “pa_name” and “pa_value” are the name and the
value of the target parameter. “id_DE” is the ID number of
the discrete element.

3. Laboratory Tests and Numerical Tests

3.1. Laboratory Tests. )e material composition of asphalt
concrete used in this study is listed in Table 5.

)e dynamic modulus tests of asphalt concrete are
carried out at the temperatures of − 6°C, 4°C, 16°C, 27°C, and
38°C and at the frequencies of 0.1Hz, 0.5Hz, 1Hz, 5Hz,
10Hz, and 25Hz, of which the result data are shown in
Figure 6. )e dynamic modulus-testing apparatus is shown
in Figure 7. All the laboratory tests are implemented
according to the Chinese testing specification “Standard Test
Methods of Bitumen and Bituminous Mixtures for Highway
Engineering (JTG E20-2011),” and four samples were tested
successfully in each testing condition.

)e following preparation method (Figure 8) of asphalt
concrete samples and asphalt mastic samples is implemented

to ensure that the asphalt mastic in asphalt mastic samples is
similar to that existing in asphalt concrete samples.

3.2. Numerical Tests. Figure 9 plots a diagram of the dy-
namic modulus numerical test. )e same loading condi-
tion used in the laboratory tests is applied in the numerical
simulations. A certain loading frequency equal to that used
in the laboratory test is applied to the upper horizontal wall
of the numerical sample in the y-direction to simulate the
loading procedure, while the bottom horizontal wall used
to support the numerical sample is fixed in all the
directions.

To ensure the reliability of simulations, the parallel tests
are implemented in numerical simulation just as experi-
ment tests. In experimental parallel tests, the asphalt
concrete samples usually have the same raw materials and
material composition and the random material distribu-
tion. Accordingly, in numerical parallel tests, the numerical
models have the same material parameters and material
composition and the random microstructure distribution.

Moreover, it should be explained that the same series of
parallel numerical samples are employed to simulate the
dynamic modulus and phase angle of different types of
numerical samples in this study. It is beneficial to compare
the difference in the rheological behaviors in the case of
using different mesoscopic viscoelastic contact models
more clearly without the impact of mesoscopic structures
(such as aggregate characteristics and void characteristics)
and their distributions. In addition, the influences of the
temperatures on the behaviors of asphalt concrete are
represented indirectly via the difference in parameters
calibrated at different temperatures, as shown in
Tables 2–4.
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Figure 4: Constitutive relation of contacts in numerical samples using the K-model.

Table 1: Asphalt mastic gradation.
Sieve size (mm) 1.18 0.6 0.3 0.15 0.075
Passing percent 100 75 46 33 29
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Figure 5: Testing results of the asphalt mastic.

Table 2: Parameters of the numerical samples using the B-model.

T (°C) Direction kB
0 kB

1 ηB
1 kB

2 ηB
2

− 6 Normal 118.40 8.11 1.66 4.26 5.19
Shear 307.84 2.71 0.55 1.42 1.73

4 Normal 118.40 6.29 2.19 3.88 5.33
Shear 307.84 2.11 0.73 1.29 1.78

15 Normal 118.40 4.83 2.88 2.96 6.68
Shear 307.84 1.61 0.96 0.99 2.23

27 Normal 118.40 2.76 3.27 1.77 7.12
Shear 307.84 0.92 1.09 0.59 2.37

38 Normal 118.40 1.51 3.99 1.26 7.79
Shear 307.84 0.50 1.33 0.42 2.60

Table 3: Parameters of the numerical samples using the M-model.

T (°C) Direction kM
0 kM

1 ηM
1 kM

2 ηM
2 kM

3 ηM
3 kM

4 ηM
4 kM

5 ηM
5

− 6 Normal 118.40 7.81 0.02 7.05 1.22 7.10 11.10 7.60 0.16 0.94 5.81
Shear 307.84 2.79 0.01 2.16 0.41 2.54 3.70 2.71 0.05 0.34 1.93

4 Normal 118.40 4.56 0.02 3.31 2.10 3.17 1.26 6.16 0.08 0.62 1.66
Shear 307.84 1.53 0.01 1.17 0.67 1.24 0.55 1.89 0.03 0.18 0.51

15 Normal 118.40 3.11 0.77 3.40 2.41 3.61 1.96 5.51 0.09 0.52 1.85
Shear 307.84 1.04 0.26 1.13 0.80 1.21 0.65 1.84 0.03 0.18 0.62

27 Normal 118.40 1.96 1.11 5.57 0.98 4.88 9.64 4.78 0.14 0.65 7.21
Shear 307.84 0.65 0.37 1.86 0.33 1.63 3.22 1.60 0.05 0.22 2.40

38 Normal 118.40 0.67 2.31 1.62 6.08 2.66 9.20 0.55 9.26 1.12 8.07
Shear 307.84 0.22 0.77 0.54 2.03 0.89 3.07 0.18 3.09 0.37 4.36

Table 4: Parameters of the numerical samples using the K-model.

T (°C) Direction kK
0 kK

1 ηK
1 kK

2 ηK
2 kK

3 ηK
3 kK

4 ηK
4 kK

5 ηK
5

− 6 Normal 118.40 8.79 1.46 6.61 2.32 2.11 2.61 1.61 3.51 3.00 3.00
Shear 307.84 2.93 0.48 2.21 0.77 0.71 0.87 0.55 1.17 1.00 1.00

4 Normal 118.40 6.61 1.99 4.51 3.11 1.40 2.62 4.38 3.05 6.66 1.12
Shear 307.84 2.21 0.66 1.50 1.04 0.47 0.87 1.46 1.01 2.22 0.37

15 Normal 118.40 4.97 2.67 3.66 3.59 3.50 6.11 3.19 1.82 1.82 5.11
Shear 307.84 1.66 0.89 1.22 1.19 1.17 2.04 1.06 0.61 0.61 1.71

27 Normal 118.40 2.79 3.18 3.07 4.60 2.03 5.91 2.46 6.16 3.89 4.60
Shear 307.84 0.93 1.06 1.02 1.53 0.68 1.97 0.82 2.06 1.30 1.53

38 Normal 118.40 1.51 3.82 2.62 3.96 3.86 5.46 2.67 5.68 3.56 4.13
Shear 307.84 0.50 1.27 0.87 1.32 1.29 1.82 0.89 1.89 1.19 1.38
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Table 5: Material composition of asphalt concrete.

Aggregate gradation Asphalt binder content Air void Asphalt mastic content
Sieve size (mm) Mass (%) Mass (%) Volume (%) Mass (%) Volume (%) Mass (%) Volume (%)
16 100

4.5 10.9 0 4 27.4 31.8

13.2 87
9.5 70
4.75 40
2.36 28
1.18 24
0.6 18
0.3 11
0.15 8
0.075 7
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Figure 6: Testing results of asphalt concrete.

Figure 7: Schematic of the dynamic modulus test.
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4. Results and Discussion

To evaluate the simulation precision, the relative errors
between simulation results and laboratory data are calcu-
lated using the following equation:

Error|E| �
|E|DEM − |E|Lab

|E|Lab




,

Errorθ �
θDEM − θLab

θLab




,

(1)

where Error|E| and Errorθ are the error of dynamic modulus
and phase angle, |E|DEM and |E|Lab are the simulation results
and laboratory data of dynamic modulus, and θDEM and θLab
are the simulation results and laboratory data of phase angle.

Moreover, the curves in the following are given in the
linear-log scales to plot the results clearly at low frequencies.

4.1. Dynamic Modulus. Figures 10 and 11 plot the data
comparison and error analysis of dynamic modulus.

As shown in Figures 10 and 11, the following obser-
vations can be made:

(1) At the low temperatures (− 6°C and 4°C), the nu-
merical samples using the M-model provide the best
simulation precision. )e relative errors in the case
of using the M-model at different frequencies are on

average 4.72% and 4.74% at − 6°C and 4°C, respec-
tively, while those in the case of using the B-model
(K-model) are on average 8.05% (8.02%) and 6.93%
(6.74%) at − 6°C and 4°C.)e maximum errors in the
case of using the M-model at different frequencies
are 6.69% and 7.15% at − 6°C and 4°C, respectively,
while those in the case of using the B-model (K-
model) are 10.78% (10.09%) and 14.72% (7.38%) at
− 6°C and 4°C. In addition, the effects of temperatures
on the simulation precision in the case of using the
M-model are not obvious.

(2) With the rise of temperature, the numerical samples
using the K-model gradually show the improved
simulation precisions. )e relative errors in the case
of using the K-model at different frequencies are only
on average 3.50% and 2.97% at 27°C and 38°C, re-
spectively, while those in the case of using the
B-model (M-model) are on average 6.41% (5.02%)
and 6.84% (3.74%) at 27°C and 38°C. )e maximum
errors in the case of using the K-model at different
frequencies are 6.41% and 5.17% at 27°C and 38°C,
respectively, while those in the case of using the
B-model and M-model are on average 10.18%
(7.42%) and 10.93% (5.33%) at 27°C and 38°C.

(3) )e effects of frequency on the simulation precision
are very limited in the case of using theM-model and
K-model. )e relative errors in the case of using the
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Asphalt mastic
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Asphalt concrete
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Figure 8: Preparation process of asphalt concrete samples and asphalt mastic samples.
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Figure 9: Dynamic modulus numerical test.
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M-model (K-model) at different temperatures are on
average 5.27% (4.16%), 5.23% (5.39%), 3.95%
(4.98%), 4.77% (6.45%), 4.25% (5.19%), and 5.68%
(5.11%) at 0.1Hz, 0.5Hz, 1Hz, 5Hz, 10Hz, and
25Hz, respectively.

(4) Although the simulation precision in the case of
using the B-model is lower than that of the other

two contact models, the relative error at different
test conditions (frequency and temperature) still
reaches an acceptable level (on average 6.79%). )e
relative errors in the case of using the M-model and
K-model at different test conditions are on average
4.76% and 5.31%, respectively. )e difference is not
significant.
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Figure 10: Laboratory data and simulation results of dynamic modulus. (a) − 6°C. (b) 4°C. (c) 16°C. (d) 27°C. (e) 38°C.
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4.2. PhaseAngle. Figures 12 and 13 plot the data comparison
and error analysis of phase angle.

As shown in Figures 12 and 13, the following obser-
vations can be made:

(1) Similarly to the dynamic modulus, the numerical
samples using the M-model also provide the best
simulation precision for the phase angle at the low
temperature (− 6°C and 4°C). )e relative errors in
the case of using the M-model at different fre-
quencies are on average 2.72% and 4.74% at − 6°C and
4°C, respectively, while those in the case of using the
B-model (K-model) are on average 18.43% (6.62%)
and 16.19% (5.16%) at − 6°C and 4°C. )e maximum

errors in the case of using the M-model at different
frequencies are 5.93% and 6.91% at − 6°C and 4°C,
respectively, while those in the case of using the
B-model (K-model) are 73.93% (12.31%) and 58.69%
(9.19%) at − 6°C and 4°C. It can be found that the
advantage of the M-model in evaluating the phase
angle is more obvious than when evaluating the
dynamic modulus. In addition, the effects of tem-
peratures on the simulation precision of phase angle
are also not obvious in the case of using the
M-model.

(2) )e simulation precision of phase angle gradually
improves with the increasing temperature. )e relative
errors in the case of using different numerical samples
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Figure 11: Errors of dynamic modulus. (a) − 6°C. (b) 4°C. (c) 16°C. (d) 27°C. (e) 38°C.
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at different frequencies are on average 9.25%, 8.69%,
5.05%, 3.51%, and 2.49% at − 6°C, 4°C, 16°C, 27°C, and
38°C, respectively. )e maximum errors in the case of
using different numerical samples are on average
30.72%, 24.93%, 7.56%, 6.23%, and 5.14% at − 6°C, 4°C,
16°C, 27°C, and 38°C, respectively. In fact, when the
temperature exceeds 15°C, the difference in the sim-
ulation precision in the case of using the three contact
models is not significant. However, the numerical

samples using the K-model still show a certain ad-
vantage. )e relative errors in the case of using the
K-model at different frequencies are on average 4.63%,
2.93%, and 2.20% at 15°C, 27°C, and 38°C, respectively,
while those in the case of using the B-model (M-model)
are on average 5.60% (4.93%), 4.71% (2.88%), and
6.84% (3.31%) at 15°C, 27°C, and 38°C.

(3) )e effects of frequency on the simulation precision
are very limited in the case of using M-model and
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Figure 12: Laboratory data and simulation results of phase angle. (a) − 6°C. (b) 4°C. (c) 16°C. (d) 27°C. (e) 38°C.
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K-model. )e relative errors in the case of using the
M-model (K-model) at different temperatures are on
average 3.71% (5.00%), 3.35% (3.02%), 2.67%
(3.22%), 3.27% (4.26%), 4.75% (5.16%), and 4.50%
(5.16%) at 0.1Hz, 0.5Hz, 1Hz, 5Hz, 10Hz, and
25Hz, respectively.

(4) Different from the simulations of dynamic modulus,
the precision of phase angle in the case of using the
B-model is obviously lower than that of the other two
contact models, particularly at low temperatures and
frequencies. )e average errors (maximum errors) at
different frequencies are 19.03% (73.93%) and
16.19% (58.69%) at − 6°C and 4°C. )e maximum

errors and the secondary maximum errors all appear
at the frequencies of 0.1Hz and 0.5Hz.

5. Concluding Remarks

In this study, the influence of mesoscopic viscoelastic contact
models in the DEM on characterizing the rheological behavior
of asphalt concrete is investigated based on the comparison
between laboratory tests and the corresponding numerical
tests via the rheological indexes of dynamic modulus and
phase angle at different temperatures (− 6°C, 4°C, 16°C, 27°C,
and 38°C) and loading frequencies (0.1Hz, 0.5Hz, 1Hz, 5Hz,
10Hz, and 25Hz). )e following observations can be made:
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Figure 13: Errors of phase angle. (a) − 6°C. (b) 4°C. (c) 16°C. (d) 27°C. (e) 38°C.
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(i) )e difference in simulation precision in the case of
using the three mesoscopic viscoelastic contact
models at different temperatures is more significant
than that at different frequencies.

(ii) )e difference in simulation precision of phase
angle in the case of using the three mesoscopic
viscoelastic contact models is more obvious than
that of the dynamic modulus.

(iii) )e mesoscopic generalized Maxwell contact model
provides the best simulation precision at low
temperature. )e absolute level of the simulation
precision is little changed with the temperature and
frequency.

(iv) )e mesoscopic generalized Kelvin contact model
shows an improved simulation precision at high
temperatures, and this advantage is more significant
with the increased temperature. However, the fre-
quency has less effect on the absolute value of the
simulation precision.

(v) )e simulation precision of the mesoscopic Burgers
contact model is obviously lower than that of the
other two contact models, particularly when sim-
ulating the phase angle at low temperatures and
frequencies. However, the simulation precision is
acceptable when the temperature exceeds 15°C,
particularly for the dynamic modulus. Considering
the relatively simple mathematical structure, the
mesoscopic Burgers contact model can also be used
in the DEM simulations at medium and high
temperatures.
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