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 The viscoelastic behavior of asphalt mixture was studied by a 3D DEM model.
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a b s t r a c t
In this paper the viscoelastic behavior of asphalt mixture was investigated by employing a three-dimensional Discrete Element Method (DEM). The cylinder model was ﬁlled with cubic array of spheres with a
speciﬁed radius, and was considered as a whole mixture with uniform contact properties for all the distinct elements. The dynamic modulus and phase angle from uniaxial complex modulus tests of the
asphalt mixtures in the laboratory have been collected. A macro-scale Burger’s model was ﬁrst established and the input parameters of Burger’s contact model were calibrated by ﬁtting with the lab test data
of the complex modulus of the asphalt mixture. The Burger’s contact model parameters are usually calibrated for each frequency. While in this research a constant set of Burger’s parameters has been calibrated and used for all the test frequencies, the calibration procedure and the reliability of which have
been validated. The dynamic modulus of asphalt mixtures were predicted by conducting Discrete Element simulation under dynamic strain control loading. In order to reduce the calculation time, a method
based on frequency–temperature superposition principle has been implemented. The ball density effect
on the internal stress distribution of the asphalt mixture model has been studied when using this
method. Furthermore, the internal stresses under dynamic loading have been studied. The agreement
between the predicted and the laboratory test results of the complex modulus shows the reliability of
DEM for capturing the viscoelastic properties of asphalt mixtures.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Asphalt mixture is a complex system that comprises different
materials, including mastic, aggregate and air void, in which the
mastic phase exhibits viscoelastic behavior in pavement service
conditions. One of the most challenging tasks for pavement engineers is a realistic prediction of asphalt pavement performance,
which is dependent on the material properties, the environmental
and loading conditions. From the material properties point of view,
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asphalt mixture’s individual components and the way they interact
with each other play a signiﬁcant role in the asphalt mixtures
performance.
Due to the difﬁculties and consumption of measuring, experimental testing is not always the most attractive strategy to study
asphalt mixture at micro-scale level. While, numerical simulation
based on fundamental material mechanics and theories has the
advantage of being able to access the impact of individual material
component on the performance of asphalt mixture, and is comparatively more convenient and economical to implement. Discrete
element method is one type of numerical simulation method
which allows the ﬁnite displacement and rotation of discrete
particles. Especially after combined with Burger’s model, Discrete
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Element Method (DEM) could be used as an excellent tool to capture the viscoelastic behavior of asphalt mixture. The commercial
software Particle Flow Code 3D (PFC3D) developed by Itasca consulting group has been used in this study.
When it comes to simulating asphalt mixtures with DEM, there
are mainly two issues that concern pavement researchers: the
aggregate shape and different contact models. First, in order to take
into account of the aggregate shape effects, different strategies
have been developed. Dondi et al. [1] studied the effect of shape
and interlocking of grains on the packing characteristics of the
aggregate particles in asphalt mix. The aggregate shape effect
was considered by using spheres with different diameters. The
degree of aggregate contact and interlocking are found to be a
function of grain shape and angularity. Liu et al. [2] developed an
algorithm, which could randomly generate irregular polyhedron
particles to represent the coarse aggregates. One drawback of this
method is the big amount of spheres used will signiﬁcantly
increase the calculation time. By using the advanced imaging techniques, Khattak et al. [3] developed a 2D micro-mechanical discrete element model for hot mix asphalt (HMA) mixtures. The
specimen was ﬁrst scanned to obtain a digital image of the crosssectional area. Then a black and white digital image was generated
that would interpret matrix and aggregate phases, respectively.
The digital image was processed to establish a numerical logical
matrix of the digital image identifying aggregate and matrix pixels.
Yu et al. [4] studied the effect of aggregate size distribution and
angularity distribution on dynamic modulus using a 3D discrete
element method (DEM). Angular particles are generated using an
image-based ball-clumping approach which requires signiﬁcantly
reduced number of balls and is capable of capturing the particle
shape and angularity effect. The same approach has been adopted
by Chen et al. [5]. In Adhikari’s study [6], the microstructure of the
asphalt concrete specimen was captured by X-ray tomography
techniques. The hollow circular images were produced from the
layer of cylindrical X-ray computed tomography (X-ray CT) images.
The asphalt concrete images were divided into three phases
according to a density index: aggregate, sand mastic and air void
phases. This approach could be time-consuming and requires large
computational resources despite of its accuracy.
Compared to the codes that model continua, PFC3D works at a
more basic level: it ‘synthesizes’ material behavior from the
micro-components that make up the material [7]. In DEM simulation, different materials can be distinguished by assigning different
interactions between particles, which is usually called contact
models. However, it is difﬁcult to choose such properties so that
they could represent the real material, which brought the second
main issue with DEM modeling. In order to capture the viscoelastic
behavior of asphalt mastic, Burger’s model has been introduced in
DEM simulation. Liu et al. [8] developed a viscoelastic model of
asphalt mixtures with the discrete element method. The relationship between the microscale model input and macroscale material
properties was derived, and an iterative procedure was developed
to ﬁt the dynamic modulus test data of asphalt mastic with Burger’s model, in which the Maxwell model stiffness and damping
were initialized ﬁrst and kept constant, and then the Kelvin model’s stiffness and damping were calibrated for each frequency.
The same way of calibrating Burger’s model was also adopted by
Chen et al. [9] and Yu et al. [10]. By using Burger’s model, Dondi
et al. [11] studied the DSR complex shear modulus of asphalt binder using 3D discrete element approach. The model has been
proved to be able to predict complex modulus and the phase angle
of the studied polymer modiﬁed bitumen over a wide range of
temperatures and frequencies. You et al. [12] studied asphalt concrete subjected to haversine loading. Viscoelastic parameters for
the Burger’s model were calibrated from uniaxial dynamic modulus testing results of asphalt sand mastic, while the Discrete

Element (DE) prediction was veriﬁed by comparing with the experimental testing results of asphalt. Another difﬁculty related to the
contact models is big amount of design parameters, which usually
could not be derived directly from lab data. Effort has been devoted
to the study of different design parameters by many researchers.
For example, Cai et al. [13] studied the effects of the normal to
shear contact stiffness ratio on the bulk properties, the parallel
bond radius, the number of particles and their positions. Especially,
the nine design parameters of Burger’s model have been further
investigated in his work.
In summary, existing studies provided meaningful insights into
understanding and simulating the dynamic properties of asphalt
mixtures with DEM. In this paper, a different method has been
developed for calibrating the Burger’s model: a constant set of Burger’s model parameters, which were obtained by ﬁtting the laboratory test data from the whole testing frequency range, has been
used for all the frequencies. In addition, when using the time–
temperature superposition principle, the ball density effect on
the internal stress distribution of the asphalt mixture model has
been further investigated.
2. Objectives and scopes
In order to study the viscoelastic behavior of asphalt mixture
based on a three-dimensional discrete element model, the research
was carried out in two phases. In the ﬁrst phase, the laboratory
tests were performed and complex modulus of asphalt mixtures
has been collected. The model was considered as a whole mixture
with uniform contact properties for all the distinct elements.
Therefore, the input parameters for the Burger’s model were calibrated based on the laboratory test results of the whole asphalt
mixture, instead of just the mastic phase which provides the viscoelasticity for the asphalt mixture. A constant set of Burger’s model
was calibrated for all the loading frequencies, which is different
compared to the traditional way of calibration where the Burger’s
model parameters were calibrated for each loading frequency [8–
10]. One of the main objectives of this research is to validate the
calibration procedure and the reliability of the unique set of Burger’s model for different loading frequencies.
In the second phase, the DEM model was assembled and the
internal mechanical response of asphalt mixtures has been studied.
In order to reduce the calculation time, a method based on frequency–temperature superposition principle developed by Liu
et al. [14] has been adopted. The ball density effect has been further investigated when using this method, which is another objective of this research. The dynamic moduli and phase angles of
asphalt mixtures were predicted with 3D discrete element simulation under cyclic loading conditions. By comparing the simulation
results with those measured in the laboratory, the predictions of
the micromechanical model were validated. In addition, the internal stresses under dynamic loading have been studied.
3. Phase 1
3.1. Laboratory tests
The mechanical properties of the asphalt mixture, used for the
calibration of the Burger model, were measured in the Vienna University of Technology. The mixture is a Stone Mastic Asphalt with a
maximum aggregates dimension of 11 mm (SMA 11). The adopted
bitumen was Polymer modiﬁed 45/80-65.
The measurements were collected through a Frequency Sweep
test in Direct Tension Compression (DTC) conﬁguration [15]. The
test was performed in strain control condition. A sinusoidal strain
was applied on a cylindrical sample glued on two steel plates
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screwed to the loading rig. The amplitude of the applied strain e0
was 35le in order to capture the linear viscoelastic response of
the studied bituminous mixture. The tests were conducted in a
range of frequency between 0.1 and 40 Hz, at the temperatures
of 15°, 10°, 0°, 10° and 20 °C. With measured Force (F0) and
strain (e0), phase angle (h), and the Complex Modulus (E⁄) were calculated at different studied temperatures and frequencies using
the following Eq. (1):

E  ð xÞ ¼

r0 ih
II
e ¼ EI þ iE
e0

ð1Þ

where EI is the storage modulus (considered as elastic part) and EII is
the loss modulus (considered as viscous part).
The obtained values were used to generate the corresponding
Master Curve. According to the time temperature superposition
principle, the data collected at various temperatures were shifted
with respect to time until the curves merge into a single smooth
function. The master curve of dynamic modulus as a function of
time formed in this manner describes the loading time dependency
of the asphalt mixture. Fig. 1 shows the Master Curve of the studied
mixture at the reference temperature of 10 °C, which is representative of the average annual asphalt temperature in Denmark. In particular the values in the range of frequency from 1 to 20 Hz,
highlighted in the Fig. 1, have been considered for the Burger
parameters calibration.
The adopted range of frequencies can be explained and justiﬁed
through two different but fundamental reasons. The ﬁrst is related
with the properties of the Burgers model itself. In fact Nilsson et al.
[16] shown that Burger’s model is a simple one capable of characterizing the viscoelastic property of the asphalt concrete, but it
cannot be used for a wide range of frequencies or temperatures.
It has been observed that Stiffness Modulus is satisfactory
described by Burger model between 0.5 and 40 Hz. Outside of this
range the Modulus is underestimated. The corresponding phase
angle values are satisfactory ﬁtted only between 5 and 25 Hz. Considering both Stiffness Modulus and Phase angle, the authors
shown that Burgers model is able to describe these mechanical
properties acceptably over a limited frequency range (in the order
of 1–20 Hz).
The second relevant aspect to highlight is related to the need of
investigating asphalt mixture response at the natural frequency of
a ﬂexible pavement when subjected to trafﬁc loading. As suggested

by different authors, the natural frequency, which depends on type
and speed of the vehicle as well as temperature and type of pavement structure, can range from 6 to 12 Hz [17,18]. It has been
found also that truck loading frequency is about 4.6 Hz at a speed
of 58 km/h and 6.5 Hz at 82 km/h [19].

3.2. Calibrations of Burger’s model
The contact model describes the constitutive behavior of a contact associated by two particles, playing a signiﬁcant role in deﬁning DEM modeling. There are two standard contact models (Linear
and Hertz) and several alternative contact models including the
Burger’s model available in PFC3D, the commercial DEM program
used in this study. In order to build the constitutive model, four
contact models were employed in the asphalt mixture composite,
including the slip model, linear stiffness-contact model, contact
bond model and Burger’s contact model. The stiffness model provides an elastic relation between the contact force and relative displacement. The slip model enforces a relation between shear and
normal contact forces such that the two contacting balls may slip
relative to one another. The total normal and shear forces that
the contact can carry could be deﬁned in the bonding model by
enforcing bond-strength limits.
The Burger’s model is comprised of a Kelvin model and a Maxwell model connected in series in both the normal and shear directions, which is able to provide the considerations of the time
dependent characteristic of asphalt mixture in a relative effective
and simple way. Burger’s model has four parameters, but as both
normal and shear directions have to be considered, eight parameters need to be included to describe the contact relations between
two microscopic particles, as listed in Table 1. Furthermore, friction
coefﬁcient (fs) between balls in the DEM model should be considered when slip between balls occurs.

Table 1
Denotations of Burger’s model parameters.

Kelvin
Maxwell

Normal
stiffness

Normal
viscosity

Shear
stiffness

Shear
viscosity

Kkn
Kmn

Ckn
Cmn

Kks
Kms

Cks
Cms

Fig. 1. Master curve of SMA 11 at +10 °C.
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However, when it comes to the calibration of model parameters,
one of the challenges is that there is no direct link between those
values and the experimental results, due to the fact that they are
related to the micromechanical properties of the material. Therefore, a macroscale Burger’s model will ﬁrst be established to be
correlated to the experimental dynamic modulus and phase angle,
as shown in Fig. 2. The parameters of the macroscopic Burger’s
model can then be converted into the microscopic model
parameters.
Total strain in the Burger’s model may be written as:

e ¼ ede þ eie þ ecp

ð2Þ

D ðxÞ ¼

r ¼ g1

@
ecp
@t

r ¼ E2 ede þ g2

@
ede
@t

00

D ðxÞ ¼ D0 ðxÞ þ iD ðxÞ

ð9Þ

1
Kk
þ
K m K 2k þ x2 C 2k

ð10Þ

D0 ðxÞ ¼

e¼

E1

R
þ

rdt þ C 1 R gE22dt
þe
g1

Z

r
e
g2

R

E2

g2 dt

dt þ C 2

rdt þ C 1
¼0
g1

R E2 Z

e g2 dt

R

r
e
g2

E2

g2 dt

dt þ C 2



ð4Þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
The dynamic compliance is determined as jD j ¼ ðD0 Þ þ ðD00 Þ .
And the dynamic modulus is the reciprocals of the complex compliance, that is:



¼0

ð5Þ

When asphalt mixtures are subjected to dynamic stress
r ¼ r0 eixt , the resulting dynamic strain is described as e ¼ e eixt
[21].
The axial complex modulus is deﬁned as the complex quantity:





r
r0 iu
e ¼ E1 þ iE2
¼ E ðixÞ ¼
e
e0

ð6Þ

in which r0 is the stress amplitude, e0 is strain amplitude, and x is
angular velocity, which is related to the frequency by x = 2 p f. The
ratio of the stress and strain amplitudes r0 =e0 deﬁne the dynamic
modulus jE ðxÞj, shown in Eq. (7).

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r0
jE ðxÞj ¼ E21 þ E22 ¼


e0

xC k

D00 ðxÞ ¼

where E1, g1, g2 and E2 = Burger’s model parameters as mentioned r
and e = stress and strain; C1 and C2 = constants determined by the
following equations when t = 0 [20].

R

1

ð3Þ

substituting Eq. (3) into Eq. (2), we could obtain:

r

ð8Þ

where, r and e are the stress and strain at time equals zero, x is
the radial frequency, and t is the elapsed time. The complex compliance consists of real portion and imaginary portion, and is normally
written as:

where, ede, eie and ecp = elastic strain, viscous strain and delayed
elastic strain. Further, stress–strain relationship may be written as:

r ¼ E1 eie

e
1
1
1
¼
þ
þ
r0 K m ixC m K m þ ixC k

jE j ¼

xC m

þ

ð11Þ

K 2k þ x2 C 2k

1
1
¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jD j
2
0 2
ðD Þ þ ðD00 Þ

1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ s



2

1
Km

þ

Km
K 2k þx2 C 2k

2

þ

1
xC m

ð12Þ

þ K 2 þxxC k2 C 2
k
k

The phase angle u can be expressed as:

!
 00 
D
K m K 2k þ x2 C 2k þ x2 C k C m
1
¼ tan
u ¼ tan
xC m K 2k þ x2 C 2k þ K k K m
D0
1

ð13Þ

Eqs. (2)–(13) describe the equations for determining the macroscale parameters of asphalt mixtures. Once the macroscale parameters are obtained, the microscale parameters can be obtained
from the following equations:

K mn ¼ K m L;

C mn ¼ C m L

ð14Þ

ð7Þ
K kn ¼ K k L;

Consequently, the complex compliance, which is the reciprocals
of the dynamic modulus, can be expressed using the following
equation:

C kn ¼ C k L

ð15Þ

where, L = R(A) + R(B), which is the sum of the radius of two contact
balls A and B.

Fig. 2. Macroscale mechanical entities of Burger’s model.
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Table 2
Complex modulus from experimental testing at 10 °C.
f [Hz]
⁄

E [GPa]
u [°]

1

5

10

15

20

4.12
27.3

6.28
22.6

7.4
21.5

8.02
19.6

8.49
18.9
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frequency at the reference temperature and the reference temperature, respectively.
Instead of being directly involved in the calculation of shifting
factor, the temperatures T1 and T2 were used to modify the Burger’s
model parameters. In Burger’s model, only the viscosities of the
two dashpots can represent the effects of temperatures or loading
frequencies due to the fact the spring elements are independent of
time and temperatures. Therefore, the frequency–temperature
superposition in Eq. (16) could be presented as:

Eðx1 ; gm ðT 1 Þ; gk ðT 1 ÞÞ ¼ Eðx2 ; gm ðT 2 Þ; gk ðT 2 ÞÞ

ð17Þ

where, gm(T1) and gk(T1) represent the time-dependent properties
at T1, whereas gm(T2) and gk(T2) represent the time-dependent
properties at T2. Based on Liu’s study [14], a time-dependent material property, such as complex modulus in this case, can be equivalently expressed with the Burger’s model parameters at the
ampliﬁed frequency x2 ¼ nx1 , as long as the viscosities of the
two dashpots in the Burger’s model are also ampliﬁed correspondingly, as shown below in Eqs. (18)and (19):
Fig. 3. Calibration for input parameters of Burger’s contact model ﬁtted with lab
test data.

Table 3
Calibrated Burger’s model parameters.
Kk [MPa]

Km [MPa]

Ck [MPa  s]

Cm [MPa  s]

12.78

13.47

0.38

2.31

x1
g ðT Þ
g ðT Þ ¼ M 1
n
x2 M 1

ð18Þ

gK ðT 2 Þ ¼

x1
g ðT Þ
g ðT Þ ¼ K 1
n
x2 K 1

ð19Þ

Because the virtual frequencies were much larger than the regular frequencies, the computation time was signiﬁcantly reduced
by conducting the DE modeling with the virtual frequencies and
the corresponding modiﬁed Burger’s parameters. In this study,
the loading frequencies were ampliﬁed by 1000 (n = 1000).

3.3. Frequency–temperature superposition
In order to reduce the computation time for discrete-element
(DE) model of asphalt-based materials, the methodology developed by Liu et al. [14] was adopted, which is based on the frequency–temperature superposition principle. According to this
principle, the behaviors of a time dependent material are dependent on temperatures and loading frequencies. The effects of temperatures and frequencies can be equivalently and mathematically
expressed as:

Eðx1 ; T 1 Þ ¼ Eðx2 ; T 2 Þ

gM ðT 2 Þ ¼

ð16Þ

where, E = time-dependent property, such as dynamic modulus and
phase angle; x1 and T1 = angular frequency and the loading temperature in the laboratory test; and x2 and T2 = reduced angular

3.4. Results of Burger’s model calibrations
The dynamic modulus and phase angles measured from the lab
tests are shown in Table 2. A constant set of Burger’s contact model
parameters were calibrated by ﬁtting the lab test results from the
whole frequency range using the equations derived above. A good
agreement between the ﬁtting and measured dynamic modulus
and phase angle were obtained, as shown in Fig. 3. The Parameters
for Burger’s contact model are listed in Table 3. Due to the fact that
only the stresses in normal direction were measured in the lab so
the same parameters have been used for both the normal and shear
direction in the simulation.

Fig. 4. Discrete element model in PFC3D.
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Fig. 5. Applied strain and corresponding stress in DEM simulation.

4. Phase 2: Numerical analysis
4.1. Internal mechanical response
4.1.1. DEM simulation of the complex modulus
In this research study, the model parameters for DE simulation
were determined using the procedure discussed previously in this
paper. Experimental testing results at the same temperature and
frequencies were used to calibrate the DEM models. The viscoelastic DE simulation was conducted with the corresponding model
parameters under the cyclic uniaxial compression loadings. As
shown in Fig. 4, the cylindrical model is 2 cm in height and 2 cm

in diameter, which comprises 5860 spheres. Compressive dynamic
loads in the z-direction were applied to the top loading plate of the
digital sample, while the bottom plate of this sample was ﬁxed in
all directions. The applied load frequencies were 20, 15, 10, 5 and
1 Hz. The motions of the spheres on top and bottom layers were
slaved to the motions of the loading plates in order to simulate
the glue effect in the laboratory. Prior to the actual simulation,
the sample was compacted in order to achieve an initial isotropic
stress state.
The applied strain and stress response are plotted in Fig. 5 for
each loading frequency. The average stress of the model was measured by measure spheres installed. Dynamic modulus (E⁄) and

H. Feng et al. / Construction and Building Materials 77 (2015) 187–196
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could be related to the simplicity of the model, in which only the
material property in normal direction was calibrated from the laboratory results. The favorable agreement between the discrete element prediction and the lab results on dynamic modulus and
phase angles indicates that the viscoelastic discrete element model
developed in this study has the ability to predict the complex viscoelastic properties of asphalt mixtures with the conﬁdence of
more than 90%.

Fig. 6. Comparison of the predicted and measured dynamic modulus and phase
angles.

phase angle (u) were calculated from the stress and strain curve in
Fig. 5 using Eq. (20). The predicted E⁄ and u are plotted in Fig. 4
along with those measured in the laboratory.

E ¼

rmax  rmin
emax  emin

u¼

Dt

s

 360

ð20Þ

where, emax , emin , rmax and rmin = maximum and minimum values of
the applied strain and the calculated stress response; Dt = time difference between two adjacent peak strains; and T = loading period,
which is the inverse of the loading frequency.
4.1.2. Predictions results of complex modulus
Fig. 6 compares the predicted dynamic modulus and phase
angles from DEM simulation with the laboratory test results. As
we can see from the results, the dynamic modulus from DE viscoelastic models were generally slightly under-predicted, while
the predicted phase angles were slightly higher compared with
the experimental values. The average prediction error for phase
angle is only 0.97%. The predicted dynamic modulus has an
average prediction error of 8.53%. Possible reason for this error

4.1.3. Internal stress distribution and velocities of balls
In order to study the internal mechanical responses of the sample under dynamic loading, measure spheres have been used. Five
positions along the height of the sample were picked up, and at
each height ﬁve measure spheres were installed, as shown in
Fig. 7. The stress at each height was calculated as the average stress
of those measured from the ﬁve measure spheres. Furthermore, the
relative velocities Dv in loading direction z between the top and
bottom spheres inside each measure sphere have been monitored.
Eight time points were picked up during one loading cycle, as
shown in Fig. 8. Together with the sphere velocity vectors, internal
stresses response and the relative sphere velocities along the
height of the DE viscoelastic model were demonstrated in Fig. 9.
Obviously the internal stresses are not homogenous for viscoelastic
model compared with elastic model. The axial stresses on the top
part of the sample always have higher amplitude than the lower
part. The response of the sphere velocity vectors might help with
achieving better understanding of this phenomenon. The velocity
of each ball is drawn as an arrow, with length proportional to magnitude, and orientation equal to that of the velocity vector. Besides
the obvious contractions and expansions in the middle part of the
sample, it is clear that mainly the upper half of the model is
affected by the motion of the top loading plate. The relative velocities in loading direction between the nearby up and down spheres
are decreasing from the top to the bottom of the sample, which
shares similar pattern with the internal stress responses. As shown
in Figs. 8 and 9, when the absolute values of the relative sphere

Fig. 7. Measure spheres installed in the model.

Fig. 8. Internal stresses and relative sphere velocities along the height of the sample during one loading cycle.
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Fig. 9. Internal stresses, relative sphere velocities along the height and sphere velocity vectors during one loading cycle.

velocities become zero (time point 3 and 7), the internal stresses
achieve their maximum; whereas when the absolute value of the
relative sphere velocities reaches their maximum (time point 1
and 5), the values for internal stresses are around zero. PFC3D is
based on repeated application of law of motion to each particle,

and force–displacement law to each contact. From this point of
view, bigger relative velocities between contiguous spheres will
certainly result in larger relative displacements within accumulated time, which eventually will lead to the decreasing trend of
strains and stresses from the top to the bottom of the sample. This
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Fig. 10. Stresses at different heights of the asphalt mixture model with different ball densities q at 20 Hz.

Fig. 11. Sphere density effect on dynamic modulus E⁄ and phase angle u.

result could also be used as an explanation for laboratory observations obtained from a tension and compression fatigue test of
asphalt mixtures, in which most of the time the failure occurs at
the top part of the sample when fatigue characterization is completed. This could also lead to the conclusion that under dynamic
loading conditions higher energy is dissipated on the top part of
the asphalt mixtures sample.
4.2. Effect of sphere’s density
It has been observed that when using the time–temperature
superposition principle, the density of the balls has a signiﬁcant
effect on the internal stress distribution of the asphalt mixture
model. Fig. 10 shows the internal stress distribution of the asphalt
mixture model during dynamic compression with different ball
density, from 2500 kg/m3 reduced to 50 kg/m3. Obviously, the
smaller the sphere density is, the better consistency relative to
time could be obtained for stresses at different positions along
the height. For example, when the ball density is 2500 kg/m3,

stresses at different height have their peaks at different time point.
While when the density is 50 kg/m3, stresses from all the locations
achieved their peak at the same time point 0.035 s. The reason for
this is when applied loading frequencies are so highly ampliﬁed
that the effect of the mass inertia will be ampliﬁed at the same
time. Therefore, lower densities should be used in the simulations.
Furthermore, increasing the ball density will cause a bigger predicted dynamic modulus and phase angle. As shown in Fig. 11,
the ball density effect on dynamic modulus and phase angle is
almost linear. However, signiﬁcant sphere density reduction will
also prolong calculation time. Eventually, density 50 kg/m3 has
been used in this study, which could offer both a reasonable stress
consistency and an affordable calculation time at the same time.
5. Summary and conclusion
This paper developed a micromechanical discrete element modeling method to simulate the complex modulus properties of
asphalt mixtures based on a viscoelastic Burger’s contact model.
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The microscale input parameters of the DE model were determined
by the corresponding lab-based macroscale material properties.
Viscoelastic DE simulation with developed model was conducted
under uniaxial compression loading with different loading frequencies. The dynamic modulus and phase angles were calculated
and compared with those measured in the laboratory. In order to
overcome the time-consuming limitation of DEM calculation, the
frequency–temperature superposition principle has been adopted.
The normal loading frequencies in the laboratory tests were ampliﬁed, and the ﬁtted Burger’s contact model parameters were converted into those at the ampliﬁed frequencies. The sphere
density effect has been studied when using this principle. The following ﬁndings were observed:

The current model is able to capture the viscoelastic properties
of asphalt mixtures at the real trafﬁc loading frequencies, with the
advantage of conveniently providing the internal mechanical
response of the material at macro-scale inside the ﬂexible pavement structure. Furthermore, a feasible way to study the correlation between the amounts dissipated energy and the rolling
resistance of asphalt mixtures could also be obtained through the
developed DEM model.

1. The dynamic modulus from DE viscoelastic models was generally slightly under-predicted, while the predicted phase angles
were slightly higher compared with the experimental values.
Possible reason for the error could be related to the simplicity
of the model, in which the shear properties of the material
was not considered. The favorable agreement between the 3D
DEM prediction and the laboratory measurements indicates
that 3D discrete element model developed in this study is capable of capturing the viscoelastic properties of asphalt mixtures.
2. Under the dynamic loading, the internal stresses observed from
this viscoelastic model are not homogenous compared to other
elastic models. The stresses on the top part of the sample
always have higher amplitudes than the lower part. Explanations might be found in the responses of sphere velocity:
besides the obvious contractions and expansions in the middle
part of the sample in the velocity vector plot, it is clear that
mainly the upper half of the model is affected by the motion
of the top loading plate. In addition, the relative sphere velocities in the loading direction share similar pattern with the internal stress, which is decreasing from the top to the bottom.
Considering the fact that PFC3D is based on repeated application
of law of motion to each particle, and force–displacement law to
each contact, it is reasonable that higher relative sphere velocities will cause larger displacements within accumulated time,
and consequently the uneven strains distribution along the
sample height. This could be the reason why the stresses on
the upper half of the sample are higher than the lower part.
The laboratory observations obtained from a tension and compression fatigue test of asphalt mixtures coincides with this
result, in which most of the time the failure occurs at the top
part of the sample. This also means under dynamic loading conditions higher energy is dissipated on the top part of the asphalt
mixtures sample.
3. By using a method based on the frequency–temperature superposition principle, less calculation time is needed for the 3D viscoelastic DE simulation of asphalt mixtures. On the other hand,
when using this method the sphere density plays a signiﬁcant
role in the internal stress distribution of the asphalt mixture
model. The reason for this is because the ampliﬁed frequencies
will increase the effect of the ball mass inertia at the same time.
In order to minimize the ball mass effect, the density used in the
simulation should be as low as possible. However, due to the
fact that smaller ball density would result in longer calculation
time. Therefore, a relatively low density has been used in this
study, which could offer a reasonable stress consistency and
affordable calculation time at the same time.
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