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Abstract: In order to investigate the permanent deformation
behavior of asphalt mixtures from discontinuity, the virtual
rutting test of asphalt mixtures is developed by the discrete
element method ( DEM). A digital specimen generation
procedure considering aggregate gradation and irregular shape
is developed based on the probability theory and the Monte
Carlo method. The virtual rutting test is then conducted based
on the generated digital specimen. In addition, on the basis of
the time-temperature superposition ( TTS) principle, a
calculation method is used to reduce the computation time of
the virtual rutting test. The simulation results are compared
with the laboratory measurements. The results show that the
calculation method based on the TTS principle in the discrete
element (DE) viscoelastic model can significantly reduce the
computation time. The deformation law of asphalt mixtures in
the virtual
measurements, and the deformation and the dynamic stability
of the virtual rutting test are slightly greater than the laboratory
measurements. The two-dimensional virtual rutting test can
predict the permanent deformation performance of asphalt
mixtures.
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rutting test is similar to the laboratory

utting has become one of the major distresses in as-
Rphalt pavements, and it seriously affects driving
safety and comfort. Many researchers have proposed re-
search methods to investigate the permanent deformation
behavior of asphalt mixtures,
physical experiments are commonly used. However, the

traditional methods are very time-consuming and costly,
(2]

in which the traditional

and the repeatability and reproducibility are poor
Therefore, many scholars have developed numerical mod-
eling to investigate asphalt mixtures. The finite element
method ( FEM ) and the boundary element method
(BEM) have been widely used in numerical modeling.
However, these methods are based on the assumption of
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continuity, and there are some limitations in describing
the discontinuity, heterogeneity and large strain of asphalt
mixtures.

In recent years, the DEM has been gradually intro-
duced into asphalt mixture studies. The DEM is suitable
for analyzing discontinuous media, such as asphalt mix-
tures. It is based on successively solving Newton’s second
law for each particle and the force-displacement law for
every contact. Chang and Meegoda "' proposed an inno-
vative DEM model by modifying the TRUBAL program
to describe different types of aggregate-aggregate and as-
phalt-aggregate contacts. You and Buttlar'™' presented a
2D microfabric distinct element method ( MDEM) to
model the asphalt mixture microstructure and further pre-
dicted the dynamic modulus of asphalt mixtures across a
range of temperatures and loading frequencies. Collop et
al. ' investigated the use of distinct element modeling to
simulate the behavior of a highly idealized bituminous
mixture in uniaxial compressive creep tests. Abbas et
al. ' presented a methodology for analyzing the viscoe-
lastic response of asphalt mixtures using the DEM. The
DEM models were subjected to sinusoidal loads similar to
those applied in the simple performance test (SPT). The
DEM model predictions compared favorably with the SPT
measurements. Kim et al. " applied the clustered DEM
approach into the investigation of fracture mechanisms in
asphalt concrete at low temperatures. A bilinear cohesive
softening model was implemented into the DEM frame-
work to enable the simulation of crack initiation and prop-
agation in asphalt concrete.

By summarizing a number of the literature cited above,
it is found that DE simulations mainly focus on stiffness
prediction, fatigue modeling and fracture modeling, and
few researches on permanent deformation behavior of as-
phalt mixtures using DEM have been conducted. There-
fore, the 2D digital asphalt mixture specimen composed
of coarse aggregates and asphalt mastic is generated in
this paper. The virtual rutting test using the DEM is then
developed and verified by laboratory measurements based
on the generated digital specimen.

1 Generation of 2D Digital Specimen
1.1 2D quantity gradation of aggregate

Assuming that the aggregate is spherical, the probabili-
ty that a circular plane with a diameter of d; cuts from a
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sphere with a diameter of d, is
P(D,=d, | D, =d) (1)

where D, D, are the diameters of the circular plane and
the spherical aggregate, respectively.

Assume that P(D, = d,) is the probability that the cir-
cular planes with a diameter of d; appear in the cross sec-
tion of asphalt mixtures. P(D, =d;) can be expressed as

P(D, = d)) = Y P(D, =d)P(D, =d;|D, =d)
(2)

where P(D, =d,) is the volume fraction of the aggregates
with a diameter of d;. Assuming that the aggregate densi-
ties are the same, the volume fraction can be derived by
aggregate gradation.

According to Refs. [9 —10], if the circular planes on
the cross section are divided into m groups by diameter,
the frequency of the aggregates with diameters ranging
from d; to d,,, in group j is N(D, =d,). If the aggregates
are divided into n groups by diameter, the frequency of
the aggregates with diameters ranging from d, to d,,, in
group i is N(D, =d,). The relationship between the two
frequencies is

N(D, =d) = ZAi k;N(D, = d,) (3)

k. =
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(4)

where A is the diameter ranges of aggregate groups; k; is
the contribution of the aggregate group with diameters
ranging from d, to d,,, to the circular planes with diame-
ters ranging from d, to d;, in the cross section.

According to Egs. (3) and (4), M(D, =d;). The
number of the circular planes with diameters ranging from
d;to d;  in the cross section of asphalt mixtures can be
expressed as

M(D, =d)) = 2Ai k,M(D, =d,) (5)
48
M(D,=d,) —WP(DS—CZ,-) (6)

where M( D, = d,) is the number of the circular planes
with diameters ranging from d; to d,, ;.

Thus, the quantity gradation of 2D asphalt mixtures
can be obtained according to Eqs. (4), (5) and (6). The
mass gradation and the 2D quantity gradation of an as-

phalt mixture are listed in Tab. 1.

Tab.1 Mass gradation and 2D quantity gradation of an asphalt
mixture

Sieve size/ Mass percentage Quantity percentage

mm passing/ % passing/ %
19.00 100 100
16.00 95 98
13.20 84 95

9.50 70 190

4.75 48 70

2.36 34 0

1.2 Generation of digital specimen

After quantity gradation is obtained, the 2D digital
specimen of asphalt mixtures considering the irregular
shape of aggregates is generated. It can be found that the
aggregates on any cross section are polygons of edge
numbers in the range [4, 10] when analyzing the aggre-
gate shape by digital image processing. Therefore, aggre-
gates are regarded as polygons with n edges, as shown in
Fig. 1. The irregular shapes of aggregates in polar coordi-
nates are controlled by

r.=R,+(2A -1)R (7)
g =271 +(in—1)5] @)

where A, 7 are the random numbers drawn from a uniform
distribution in the range [0, 1]; R, is the average radius
of aggregates; R is the size fluctuation; and § is the num-
ber not greater than 1, indicating the angle fluctuation
range. The irregular shapes of aggregates are controlled
by both the aggregate radius fluctuation [R, - R, R, + R]
and the angle fluctuation [27(1 =8)/n,2w(1 +8)/n].

1+2

Fig.1 Generation of aggregate with irregular shape

The generation program is developed by Microsoft Vis-
ual C + +6.0 to achieve the visualization of the 2D digit-
al specimen of asphalt mixtures based on the Monte Carlo
method. The coarse aggregates (size=2.36 mm) with ir-
regular shapes are randomly placed within the cross sec-
tion of the specimen in accordance with the 2D quantity
gradation as shown in Tab. 1. Coarse aggregates and as-
phalt mastic (fine aggregates, fines, and asphalt binder)
constitute the 2D digital specimen as shown in Fig. 2.
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Fig.2 2D digital specimen of asphalt mixture

2 Virtual Rutting Test of Asphalt Mixture
2.1 Discrete element model of virtual specimen

The shape data of asphalt mixtures composed of 0 and
1 are obtained by Matlab and they are then imported into
PFC2D, as shown in Fig. 3(a). Since air voids have a
great impact on the permanent deformation behavior of
asphalt mixtures, the air voids are introduced by random-
ly deleting a number of asphalt mastic elements. In this
paper, the air void level is set to 4% as shown in Fig. 3
(b). Thus, the virtual specimen with air voids is devel-
oped as shown in Fig.3(c).

(e)

Fig.3 DE model of virtual specimen. (a) DE model of virtual
specimen without air voids; (b) Air voids distribution of virtual speci-
men; (c¢) DE model of virtual specimen with air voids

2.2 Micromechanical model and parameters

In the DE model of asphalt mixtures, there are four
types of contacts to represent four different interactions:
contacts within the asphalt mastic, contacts between the
asphalt mastic and aggregates, contacts between adjacent
aggregates, and contacts within aggregates.

Considering the viscoelastic behavior of the asphalt
mastic, the Burger model (see Fig.4) and the contact-
bond model are employed to represent the interactions
within the asphalt mastic and the interaction between the
asphalt mastic and aggregates. The macroscale parameters
of Burger’s model used in this paper are fitted from the
dynamic shear test as listed in Tab.2. The conversion be-
tween microscale parameters of Burger’s model ( see
Fig.4) and the macroscale material properties are devel-
oped by Liu et al. """ as follows:

Kmn =E1 t, Cmn :n]ly Kkn :Ezt’ Ckn :1’2t

Et !

K= v0) 21 +v)

E,t 1t

Kks:2(1+u)’ 5721 +v)

where E,, n,, E, and 7, are the macroscale parameters of
Burger’s model; K, C, ., K, and C,, are the microscale
parameters of Burger’s model in the normal direction;
K. C
Burger’s model in the shear direction; ¢ is the disk thick-

mn mn

K, and C, are the microscale parameters of

ms >

ness; and v is the Poisson ratio.
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Fig.4 Burger’s model. (a) Macro behaviors; (b) Micro behaviors
in the normal direction; (c) Micro behaviors in the shear direction

Tab.2 Macroscale parameters of Burger’s model at 60 C
E,/MPa n,/(MPa - s) E,/MPa 1,/ (MPa - s)
4.64 83.34 0.82 10.00

In this study, the aggregate is considered as a pure
elastic material. The linear contact-stiffness model and
the contact-bond model are employed to represent the in-
teractions within aggregates. The linear contact-stiffness
model is employed to represent the interactions between
adjacent aggregates. Considering the closed packing cubic
arrays of discrete elements (each with six neighbors) in
the developed DE model, the micro-stiffness of aggregate

elements is determined based on the following equa-

tions' "’ .
E-= ,
T2t
k.= ky
ST2(1 +v)

where E is the apparent Young’s modulus; &, is the input
normal stiffness; k, is the input shear stiffness; and ¢ is
the disk thickness. The aggregate modulus is fixed at
55.5 GPa'™'.

In this study, the main purpose is to simulate the per-
manent deformation of asphalt mixtures. Bond breakage
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within the DE model is suppressed by using a very high
bond strength value.

2.3 Time-temperature superposition principle

The DE viscoelastic model can better simulate the vis-
coelastic behavior of asphalt mixtures. However, it is
very time-consuming to run the DE viscoelastic model if
real loading time is involved''"’. Therefore, in order to
reduce the computation time, an approach based on the
TTS principle is developed in this study. The underlying
bases for the TTS principle is that the processes involved
in molecular relaxation or rearrangements in the viscoelas-
tic materials occur at accelerated rates at higher tempera-
tures, and there is a direct equivalency between time and
temperature for a viscoelastic material. Hence, the load-
ing time can be reduced by conducting the measurement
at elevated temperatures and then shifting the resultant da-
ta to lower temperatures. This time-temperature equiva-
lency can be more clearly expressed by the following
equations ;

e(T,t) =e(T.,t.) (9)
(10)

r=ot

r

where ¢(T,t) is the creep strain at the real temperature
and loading time; £(T,,t,) is the creep strain at the ref-
erence temperature and reduced loading time; 7 and ¢ are
the real temperature and loading time, respectively; T,
and ¢, are the reference temperature and reduced loading
time, respectively; and o is the shifting factor.
The creep strain in the viscoelastic Burger’s model at
real temperature can be expressed as
1 t 1 —(E/mt
e(T,1) =UO[E—1+;+E—Z(1 e )] (11)
If the real temperature increases up to the reference
temperature, the viscoelastic properties will be changed.
Assuming that E, , E,, 5, and 7, are the Burger’s model
parameters at the reference temperature, the creep strain
at the reduced time can be expressed as
L1

e(T.,t) =0, EL+77 + (1 - (Bmn)
1 Ir 2

(12)

By solving Eqs. (9) to (12), the Burger’s model pa-
rameters at the reference temperature are determined as
follows ;

i
=— 13
nlr aT ( )
b
M 14
an aT ( )

As the Burger’s model parameters at the reference tem-
perature are used, the same creep strain is determined by
the reference Burger’s model parameters and the reduced

time. Therefore, the computation time is dependent on
the reduced time instead of the real time. Since the re-
duced time is much smaller than the real time when the
shifting factor is very large, the computation time is sup-
posed to be reduced significantly. The trial calculation re-
sults show that a value less than 10* is considered as a
reasonable shifting factor without affecting the final simu-
lation results.

2.4 Virtual rutting test

According to the rutting test specifications ', the
specimen is molded with a size of 300 mm x 50 mm, and
the wheel rolls on the specimen surface back and forth 42
times per minute for 1 h at 60 C. The mass of the load-
ing wheel is 78 kg, and the contact pressure is 0.7 MPa.
The wheel rolling distance and the wheel width is 230 mm
and 50 mm, respectively.

Since the loading mode of the 2D virtual rutting test is
different from that of the laboratory rutting test, the cu-
mulative loading time that the wheel covers on one point
on the specimen surface is regarded as the total loading
time in the 2D virtual rutting test. The contact length can
be calculated from the following equation ;

mg =pA =p(dl) (15)

where m is the mass of the loading wheel; g is the accel-
eration of gravity; p is the contact pressure; d is the
wheel width; [/ is the contact length between the wheel
and the specimen.

[=21.84 mm is calculated from Eq. (15). Therefore,
the cumulative loading time of one point on the specimen
surface is 3 600 x [/230 =342 s. When applying the shift-
ing factor of 10* | the computation time is significantly re-
duced to 0. 034 2 s. The virtual specimen is loaded by
walls with the servo-control program to obtain a contact
pressure of 0. 7 MPa. The rutting formation process is
shown in Fig.5.

(b)

(e)

Fig. 5 Formation of rutting in virtual rutting test.
0.0114 s; (b) £=0.0228s; (¢) 1=0.0342 s

(a) t=



Virtual rutting test of asphalt mixture using discrete element method 219

The displacement field at the end of the virtual test is
shown in Fig. 6. It can be seen that the vertical displace-
ment dominates in the loading area while the minor lateral
displacement appears on both sides of the loading area. It
is indicated that the deformation is induced mainly by
compaction. The vertical deformation curve of the asphalt
mixture is shown in Fig. 7.

Fig.6 Displacement field at the end of virtual rutting test
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Deformation/mm
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Fig.7 Deformation curve in virtual rutting test

3 Verification of Virtual Rutting Test

In order to verify the virtual rutting test, laboratory rut-
ting tests are conducted on a group of asphalt mixtures
with the same gradations (see Tab.3), and the compari-
son results are shown in Tab.4. As shown in Tab. 4, the
deformation and the dynamic stability in the virtual rutting
test are slightly greater than those in the experiments.

The reason is that there are more aggregates in contact
in the laboratory-compacted specimen, which results in
stronger interlocks among aggregates. However, there are

Tab.3 Aggregate gradations

Percentage passing/ %

Gradation 1*  Gradation 2* Gradation 3*

Sieve size/mm

19.00 100 100
16.00 100 95 90
13.20 92 84 76
9.50 80 70 60
4.75 62 48 34
2.36 48 34 20

Tab.4 Comparison between virtual rutting test and laboratory

measurements
: Dynamic stability/
. Deformation/mm . .
Gradation (times + mm ™)
Laboratory test Virtual test Laboratory test Virtual test
1* 13.4 15.3 882 808
2# 12.2 14.4 970 859
3# 11.2 12.6 1274 984

fewer aggregate contacts in the 2D model. Therefore, the
laboratory-compacted specimen has a higher resistance to
load than the 2D model. In addition, since fine aggre-
gates are integrated into the asphalt mastic, the resistance
to the load of the 2D model will also be weakened. It is
indicated that the virtual rutting test using the DEM can
predict the permanent deformation performance of asphalt
mixtures. For a more precise prediction, a three-dimen-
sional (3D) DE model will be desired.

4 Conclusions

1) The virtual rutting test is developed including the
development of the DE model of asphalt mixtures, the
representation of different interactions within asphalt mix-
tures, the determination of the micromechanics model pa-
rameters and the way of loading.

2) The approach based on the TTS principle in the DE
viscoelastic model can significantly reduce the computa-
tion time, which can greatly promote the application of
the DE viscoelastic model of asphalt mixtures.

3) The deformation law of asphalt mixtures in the vir-
tual rutting test is similar to the laboratory measurements,
and the deformation and the dynamic stability of the virtu-
al rutting test are slightly greater than those in the experi-
ments. The 2D virtual rutting test can predict the perma-
nent deformation performance of asphalt mixtures.
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