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Abstract: In order to characterize the impacts of key factors on
the low-temperature fracture performance of dense-graded
asphalt concrete, the virtual bending fracture test is simulated
by using the discrete element method ( DEM) and emulation
software PFC3D ( particle flow code in three-dimension). A
virtual specimen generation procedure consisting of aggregate
gradation,
content is performed based on the random generation algorithm
and irregular coarse aggregates library. Then, the virtual
fracture test is conducted after adding the micro mechanical

irregular clumps, asphalt mortar and air void

contact models to the specimen, and the validity of virtual
modeling is verified by the comparison of simulation test data
and lab test data. Additionally, an orthogonal test is designed
to investigate the impacts of the volume fraction of coarse
aggregates and air voids, stiffness of coarse aggregates and
asphalt mortar, internal bond strength of asphalt mortar and
distribution of coarse aggregates and air voids on low-
temperature fracture performance based on virtual simulation.
The results show that all the factors have effects on fracture
performance to various degrees, while the value of the bond
strength of asphalt mortar is found to be the most important
determinant of tensile strength and strain-energy density. The
volume fraction of coarse aggregates is considered to be the
most important determinant of tensile strain. Therefore, to
obtain a high low-temperature fracture performance of dense-
graded asphalt concrete, it is important to consider the
microstructure and properties of asphalt mortar and aggregates.
Key words: property; low
temperature; virtual test; PFC3D; influence factors

DOI: 10. 3969/j. issn. 1003 —7985.2017. 03. 007

asphalt mixture; fracture

racking is one of the main premature pavement risks
C particularly in cold winter, and various types of
cracks are created at a low temperature when the thermal
stress induced exceeds the tensile strength of the asphalt
concrete pavement. Although laboratory tests in this field
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have been carried out for years, present knowledge is in-
sufficient to fully evaluate the influences of different con-
stituents and their distributions on asphalt concrete as a

typical heterogeneous composite material'' ™.

Laboratory
test results affected by the limitation of test conditions u-
sually exhibit more variability, and results may be differ-
ent in parallel specimens with the same aggregates grade
and material composition. The main reason is that the
variability of aggregate crushing and air voids distribution
cannot be controlled by a laboratory test. Consequently,
current specifications and laboratory test procedures do
not adequately prevent low-temperature cracking of as-
phalt pavements. Numerous studies proved that the me-
chanical properties of asphalt mixture are significantly in-
fluenced by meso structures and material properties” ™.
Therefore, it is necessary to introduce the meso-mechani-
cal analysis method, a more precise analysis method, to
investigate the fracture mechanism of asphalt mixture.

In recent years, the discrete element method with the
advantages of analysis of meso-mechanical characteristics
of heterogeneous materials has attracted much attention of
many road and geotechnical researchers making the meso-
mechanics simulation method more widely used. Numeri-
cal simulation methods are applied to investigate the frac-
ture behavior and anti-crack characteristics of asphalt mix-
ture. Wagoner et al. ' used a single edge notched beam
test and disk-shaped compact tension test to simulate frac-
ture behavior and obtained the fracture energy of asphalt
mixture. Based on the discrete element method, Kim et
al. ™ simulated the cantilever beam test to compare the
difference between using the continuous elastic theory and
the discontinuous theory, and the bilinear cohesive zone
model was used to observe the crack initiation and propa-
gation. Based on the digital image processing technolo-
gy, Kim et al. "' built a two-dimensional discrete element
model of asphalt mixture to investigate the indirect tensile
heterogeneous fracture behavior, and used the user-de-
fined energy-based bilinear cohesive zone model to simu-
late the crack initiation and propagation of the asphalt mix-

. 10
ture specimen. Chen et al. """

used a user-defined paramet-
ric model to investigate the virtual splitting behavior of the
asphalt mixture at —10 and 15 °C, and studied the porosity
and aggregate volume fraction impact on the virtual split-

ting test results. Mahmoud et al.'"’ presented a synthetic



294

Zhang Yao, Huang Xiaoming, Ma Tao, and Zhang Deyu

method with image processing and discrete element combi-
nation to simulate the anti-cracking property of hot asphalt
mixture. The result shows that the elastic model is useful
for predicting the time-independent property of asphalt
binder. Wang et al. ' proposed a randomly-truncating al-
gorithm to simulate the three-dimensional fracture behavior
of epoxy asphalt mixture, and applied the bilinear dis-
placement-softening model to simulate crack initiation and
propagation. Based on DEM, Eckwright et al.'"
ted the crack behavior with a single edge notched beam
and semi-circular notched beam of asphalt mixture, respec-
tively. Yang et al. """ simulated single edge notched beam
tests by using the discrete particle model, and after doing in-
duction healing by raised temperature, the fracture strength
recovery ratio was measured by the secondary loading. Chen
et al.'"™ used a user-defined three-dimensional parametric
model to investigate three-point bending fracture behavior at
—10 and 15 C, and discussed the influence of the cohesive
and adhesive force of asphalt mortar on fracture test results.
However, there is no systematic analysis of the impact of
meso-scale factors on fracture performance.

Therefore, in order to systematically study the effect of
meso-material composition and mechanical characteristics
of asphalt mixture on bending fracture behavior at a low
temperature, this study focuses on the analysis of how
meso-scale factors affect bending fracture test results by
using three-dimensional discrete element

simula-

simulation.

First, “Fish” code is used to generate a three-dimensional
specimen of the asphalt mixture and to select an appropri-
ate meso-mechanical contact model for the virtual bending
test, where mechanical parameters can be obtained from
bending tests and static uniaxial creep tests. Then, equiv-
alent conditions are set to perform virtual tests, and virtu-
al test results are compared with laboratory test results to
validate the effectiveness of the simulation. Secondly, the
orthogonal design process is used to analyze the influence
of meso-scale factors on bending fracture test results.
Macro factors including aggregates grading, asphalt-ag-
gregate ratio and air voids are transformed into meso-scale
factors of volume fractions of particulate material, while
rock type, angularity, and viscosity of asphalt are conver-
ted into aggregate stiffness, friction coefficient and the
bond strength of asphalt mortar, respectively.

1 Laboratory Test
1.1 Material gradation

A dense-graded asphalt concrete ( AC-13) with nomi-
nal maximum aggregate size of 13. 2 mm is used for the
bending fracture test by Universal Testing Machine
(UTM). The gradation of AC-13 and asphalt mortar
(including asphalt, fillers and fine aggregates with the
maximum size of 2. 36 mm) are shown in Tab. 1 and
Tab. 2, respectively.

Tab.1 Gradation of AC-13

Sieving size/mm 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0. 075
Passing ratio/ % 100 95 79.7 49.8 37.6 26.4 17.1 9.8 7.2 6.6
Note: Asphalt content is 5. 1% .
Tab.2 Gradation of asphalt mortar the area under the actual single strain-stress relationship
Sieving size/mm 2.36 1.18 0.6 0.3 0.15 0.075 curve end at the fracture point. It can be expressed as
Passing ratio/ % 100 70.2  45.4  26.1 19.1 17.6

Note: Asphalt dosage is 11.1% .
1.2 Experimental tests

The uniaxial compression test of asphalt mortar is per-
formed on a cylinder sample by UTM to obtain a stress-
strain curve with a compression strain rate of 0.008 3
s~', as shown in Fig. 1, and the slope of the linear fitting
curve represents the macro elastic modulus of asphalt
mortar, which is 2 439 MPa.

The three-point bending test is applied for the laborato-
ry tests and micromechanical modeling, as shown in
Fig.2. The specimen size is set to be 250 mm x 30 mm x
35 mm. The load rate is set to be 50 mm/min and the
test temperature is — 10 C. Load span and load width are
set to be 200 mm and 10 mm, respectively.

The damage process in the fracture test of the asphalt
mixture at a low temperature is regarded as energy dissi-
pation, and the work done by the external force on the
material can be converted into strain energy storage. The
critical value of strain-energy density is considered to be

d, 5
& = o (1)
where d,/d, is the strain-energy density; ¢ is the stress;
&, 1s the strain component; g, is the critical strain corre-
sponding to the maximum stress.

According to the pressure and mid-span deflection
curve obtained from tests, the tensile strength, tensile
strain and tensile modulus can be calculated by the fol-
lowing equations:
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where R, is the tensile strength, MPa; b is the width of
the cross section of the specimen, mm; # is the height of
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Fig.1 Laboratory test of asphalt mortar. (a) Uniaxial compres-

sion test; (b) Testing data and fitting curve of asphalt mortar

Fig.2 Bending fracture test

the cross section, mm; L is the span of specimen, mm;
P, is the failure load, N; g, is the maximum tensile
strain; d is the mid-span deflection when the beam
breaks, mm; S; is the fracture tensile modulus, MPa.
Based on the bending fracture tests of asphalt concrete
and asphalt mortar, the tensile strength of asphalt mortar
is 5.6 MPa, and the tensile stress-strain curve is obtained
from the test data, as shown in Fig. 1. The tensile
strength, tensile strain, strain-energy density and tensile

modulus are presented in Tab. 3.

Tab.3 Test data of asphalt concrete

Strain-energy Tensile modulus/
density/kPa MPa

Tensile strength/ Tensile strain/
MPa 1073

11.43 2.36 13.51 4 839

2 Modeling of the Virtual Bending Test
2.1 Three-dimensional modeling of asphalt mixture

The virtual sample of asphalt mixture is regarded as a
three-phase structure including irregular coarse aggre-
gates, asphalt mortar and air voids. However, the soft-
ware PFC3D cannot generate irregular aggregates direct-
ly; thus, the coarse aggregate sphere units are generated
in the virtual space in advance, and the number of sphere
units is determined by the volume fraction of aggregates.
After that, the “solve” command is used to ensure aggre-
gate sphere units do not overlap, and the graded aggre-
gates sphere units are shown in Fig. 3.

Fig.3 Generation of aggregate sphere units with gradation

The shape of aggregate used in asphalt pavement is
generally irregular convex polyhedron, which has an im-
portant effect on the mechanical behavior of the asphalt

U7 Thus, in order to make virtual aggregates

mixture
close to the real shape, geometric information is extracted
as the initial parameter for generating polyhedron aggre-
gates. The irregular polyhedron of aggregates is selected
from the virtual coarse aggregates library'"®', as shown in
Fig. 4, and then irregular aggregate generation program is
loaded to generate irregular aggregate clumps with grad-
ing feature in the virtual specimen space, as shown in
Fig. 5. Uniform-sized discrete sphere elements are filled
in the remaining space and considered to be asphalt mor-
tar units. Thus, the three-dimensional virtual specimen
generated without air voids is finished, as shown in Fig.
6. After traversing discrete elements generated in the vir-
tual specimen, a specific algorithm is used to delete a cer-
tain number of asphalt mortar units as a void structure.
The cross section from the specimen is used to observe
the void structure, as shown in Fig. 7.

In the discretized simulation of asphalt mixture, there
are several micro mechanical models used to represent the
interaction between contacted particles. The contact stiffness

P 0P s = =
0 § a u o

19-16 mm ' 16-132mm ' 1329.5mm ' 9.54.75mm '4.75-2.36 mm

Fig.4 Selection of irregular aggregates shape

Fig.5 Generation of irregular aggregates with grading feature
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Fig. 6 Generation of virtual specimen without air voids

Fig.7 Observation of air voids from two cross sections
model and the slip model are used to describe the contact
between the aggregate particles in simulation. The macro
elastic modulus of the aggregate of 55.5 GPa and Pois-
son’ s ratio of 0. 25 are used to calculate the normal and
tangential stiffness of aggregate units by the following
equations:

P N A A
=L STy R O

where k* and k. are the stiffness in the direction of & for
two contact balls, respectively; k, and k_ are the normal
and tangential contact stiffness between particles with the
same property; k, is the contact stiffness between asphalt
mortar and aggregate particles; E_ is the macro elastic
modulus obtained from the uniaxial compression test.

The normal stiffness and tangential stiffness of aggre-
gate units are 2. 22 x 10° and 8. 88 x 10’ N/m, respective-
ly. To simplify the calculation, without regard to the in-
ternal fracture in a single aggregate clump during the
beam bending fracture process, the tensile strength be-
tween the internal units in a single aggregate is set to be a
large value, and the friction coefficient between aggre-
gates is set to be 0. 5.

As asphalt mixture is close to the linear elastic material
at a low temperature, the bonding model and the contact
stiffness model are used to describe the contact within as-
phalt mortar internal units and contact between asphalt
mortar and aggregates. The transforming relationship be-
tween macro-parameters and meso-parameters are ex-
pressed as
R" +R"

)
where R" and R" are the radius for two contact balls, re-
spectively, which are both 1 mm in this study; R is the

R= ¢, =4R0,, ¢, =4R’r, (6)

average radius between two contacted balls; o and 7, are
the maximum tensile and shear strength obtained from la-
boratory fracture tests; ¢, and ¢, are the maximum nor-
mal and tangential contact force from the contact bonding
model.

Based on laboratory tests, the basic input parameters of
the bending fracture test calculated by Eqgs. (5) and (6)
are shown in Tab. 4.

Tab.4 Input parameters of virtual test

Between asphalt

Within Within Between
Parameters mortar and
asphalt mortar aggregates aggregates
aggregate
©,/N 22.4 22.4
o/N 8.96 8.96
k/(N-m™') 4.8 x10° 9.55x10° 2.22x10° 2.22x10*
k/(N-m™) 1.96x10° 3.83x10° 8.88x107 8.88x10’
w 0.5

2.2 Validation of virtual bending test

After inputting basic mechanical parameters into the
virtual specimen, the load is applied to the specimen to
observe the variation of particle displacement ( light gray
color) , contact bond ( black mesh) and contact force be-
tween particles from the load initiation stage to the crack
penetration stage, as shown in Fig. 8. The red color re-
presents tensile contact force between units and the black
color represents compressive contact force between units.
In the initiation stage, tensile force appears in the region
near the both ends of the indenter. The contact tension
spread to the bottom with time and increases gradually to
the maximum point, then the contact force in the bottom
mid-span region begins to dissipate, which is equivalent to
the state of crack initiation. After this, the test is entering

(1)
Fig.8 Observation of virtual bending fracture test. (a) Load
condition of the virtual bending test; (b) Initial loading stage; (c) In-
denter pressure reaches the maximal value; (d) Initial cracking;

(e) Crack extension stage; (f) Crack through stage
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into the crack propagation stage. With the mid-span de-
flection continuing to increase, the contact force near the
mid-span region gradually decreases to zero, which is re-
garded as crack penetration. It can be seen from the virtu-
al bending test that the development process of the frac-
ture at different stages can be clearly captured and visual-
ized, which is the advantage of the virtual test.

After filtering out the initial loading stage, in which the
indenter is not touching the specimen, the load-deflection
curve of the virtual test can be obtained. The comparison
between laboratory test and simulation is shown in Fig. 9.
It can be seen that the virtual test curve is similar to the
experimental curve, which verifies the validity of the vir-
tual bending test.

151

—— Laboratory test
—o— Simulation

Deflection/mm

Fig.9 Test results between the simulation and laboratory test

3 Results and Discussion
3.1 Orthogonal test design

Based on the simulation of virtual fracture test, com-
parative virtual tests are used to estimate the impacts of
meso-scale factors on cracking resistance performance.
As shown in Tab. 5, the anti-cracking performance of as-
phalt mixture is usually studied from three aspects; mate-
rial composition, mechanical properties and distribution.
After comparing the macro factors, seven meso factors
are listed in Tab.5. If each of them takes three levels to
do comparison, there will be 2 187 test combinations for
comparison, which will be impossible to perform. There-
fore, in order to select representative tests to analyze the
influence of meso-scale factors on fracture tests, the or-
thogonal table is used to design comparative tests.

As shown in Tab. 6, 18 groups of virtual bending tests
are arranged according to the combination of these factors
and levels. The results of stress-strain curves are used to
obtain the tensile strength, tensile strain, strain energy
density (SED) of the mixture specimen, and results ob-
tained from 18 virtual tests are analyzed by the intuitive
analysis method. We can find out the primary and sec-
ondary order of factors influencing the bending fracture
performance and optimize the test level of each factor.

Tab.5 Fracture-related factors of asphalt mixture

e . . Horizontal Horizontal
Volume fraction of Volume fraction of Normal stiffness of Normal stiffness of Bond strength of . n.z R K I_Z n.
. . 1 n distribution distribution
coarse aggregates/ % air voids/ % aggregates/ (N - m™') asphalt mortar/ (N - m~')  asphalt mortar .
of aggregate of voids
50 12 5.55 x107 1.22 x10° 11.2 3:1:3 1:3:1
55 8 1.11 x10® 2.44 x10° 22.4 1:1:1 1:1:1
60 4 2.22 x10® 4.88 x 10° 44.8 1:3:1 3:1:3

Tab.6 Orthogonal design

Volume fraction/ %

Normal Stiffness/ (N + m ')

Bond strength/N Horizontal distribution

Test No. Coarse aggregates  Voids Coarse aggregates Asphalt mortar Asphalt mortar ~ Coarse aggregates Voids
1 50 12 5.55 x 107 1.22 x 10° 11.2 3:1:3 1:3:1
2 50 8 1. 11 x10® 2.44 x10° 22.4 1:1:1 1:1:1
3 50 4 2.22 x10% 4.88 x10° 44.8 1:3:1 3:1:3
4 55 12 5.55 x 107 2.44 x 10° 22.4 1:3:1 3:1:3
5 55 8 1.11 x 108 4.88 x10° 44.8 3:1:3 1:3:1
6 55 4 2.22 x10% 1.22 x 10° 11.2 1:1:1 1:1:1
7 60 12 1. 11 x 108 1.22 x10° 44. 8 1:1:1 3:1:3
8 60 8 2.22 x10% 2.44 x10° 11.2 1:3:1 1:3:1
9 60 4 5.55 %107 4.88 x10° 22.4 3:1:3 1:1:1
10 50 12 2.22 x10% 4.88 x10° 22.4 1:1:1 1:3:1
11 50 8 5.55 x 107 1.22 x10° 44.8 1:3:1 1:1:1
12 50 4 1. 11 x 108 2.44 x10° 11.2 3:1:3 3:1:3
13 55 12 1. 11 x 10® 4. 88 x10° 11.2 1:3:1 1:1:1
14 55 8 2.22 x10% 1.22 x 10° 22.4 3:1:3 3:1:3
15 55 4 5.55 x 107 2.44 x10° 44.8 1:1:1 1:3:1
16 60 12 2.22 x10® 2.44 x10° 44.8 3:1:3 1:1:1
17 60 8 5.55 %107 4.88 x10° 11.2 1:1:1 3:1:3
18 60 4 1. 11 x 10® 1.22 x 10° 22.4 1:3:1 1:3:1
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3.2 Analysis of orthogonal test results

Considering that the calculation of the three-dimension-
al virtual specimen is time-consuming, a two-dimensional
slice is used to perform all the tests during the influencing
factor analysis. The results of the orthogonal test are pres-
ented in Tab. 7. Here, VFC is the abbreviation for vol-

ume fraction of coarse aggregates; VFV represents the
volume fraction of voids; NSC represents the normal
stiffness of coarse aggregates; NSA represents the normal
stiffness of asphalt mortar; BSA represents the bond
strength of asphalt mortar, HDC represents the horizontal
distribution of coarse aggregate and HDV represents the
horizontal distribution of air voids, respectively.

Tab.7 Analysis of orthogonal test results

Average tensile strength/MPa

Average tensile strain Strain energy density/kPa

Test condition

Mean Range Mean Range Mean Range
VFC =50% 12.33 3333 20.73
VFC =55% 13.05 1. 86 2 825 729 18. 46 2.27
VFC =60% 14.19 2 604 18.50
VFV =12% 13.13 2708 17.73
VFV =8% 12.79 0. 86 2917 429 18. 64 3.58
VFV =4% 13. 65 3137 21.31
NSC =5.55 x10’N/m 13.18 2 899 19. 11
NSC=1.11 x10* N/m 13.08 0.23 2 900 63 18.31 1.39
NSC =2.22 x10* N/m 13.31 2962 19.71
NSA =1.22 x10° N/m 12. 87 2 837 18.25
NSA =2.44 x10° N/m 13. 15 0.69 2927 161 19.15 2.04
NSA =4. 88 x 10° N/m 13.56 2 998 20.29
BSA=11.2 N 12. 11 2763 16.75
BSA=22.4 N 13.25 2.11 2 829 406 18. 63 5.55
BSA =44.8 N 14.21 3 169 22.30
HDC =3:1:3 13.80 2 812 19.33
HDC =1:1:1 12.94 0.97 2 854 284 18.39 1.57
HDC =1:3:1 12.83 3 096 19. 96
HDV =1:3:1 12. 84 2792 17.98
HDV =1:1:1 13.57 0.73 2937 242 19.76 1.97
HDV =3:1:3 13.16 3033 19.94

In view of the orthogonal analysis, statistical soft-
ware SPSS is adopted to calculate the value of average
tensile strength, average tensile strain, strain energy den-
sity and the range from different test levels, respectively.
According to the range value shown in Fig. 10 (a), the
factors influencing the value of tensile strength are listed
in decreasing order as follows: BSA > VFC > HDC >
VFV > HDV > NSA > NSC. So, the maximum tensile
strength is obtained when the combination is as follows:
BSA =44.8 N, VFC =60% , HDC =3:1:3,VFV =4% ,
HDV =1:1:1,NSA =4.88 x10° N/m, NSC =2.22 x
10° N/m. The bond strength of asphalt mortar is found to
be the most important determinant of tensile strength,

250 800 -
£

Z 2.0F )

% 2 600
8 15} <

g £ 400
5 10f °

5 Z 200}
= 0.5F 5

% =

F

0 VFC VFV NSC NSA BSA HDC HDV

0
VFC VFV NSC NSA BSA HDC HDV
(a) (b)

while three levels of six other factors cannot be over-
looked in the analysis. Similarly, according to the range
value shown in Fig. 10 (b), the factors influencing the
value of tensile strain are listed in decreasing order as fol-
lows: VFC > VFV > BSA > HDC > HDV > NSA > NSC.
The maximum tensile strain can be obtained when the
combination is as follows; VFC =50% ,VFV =4% ,BSA
=44.8 N,HDC =1:3:1,HDV =3:1:3 NSA =4.88 x
10° N/m,NSC =2.22 x 10° N/m, and the volume frac-
tion of coarse aggregates is found to be the most impor-
tant determinant of the tensile strain. The strain-energy
density is regarded as a comprehensive index of the frac-
ture performance of asphalt concrete. According to the

6

SED range/kPa
[\ w = W

0 FC VFV NSC NSA BSA HDC HDV
(¢)

Fig.10  Orthogonal test results. (a) Range chart of tensile strength; (b) Range chart of tensile strain; (c) Range chart of strain energy density
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range value shown in Fig. 10(c) , the factors influencing
the value of strain-energy density are listed in decreasing
order as follows: BSA > VFV > VFC > NSA > HDV >
HDC > NSC. The maximum value is obtained when the
combination is as follows; BSA =44.8 N, VFV =4% ,
VFC =50% ,NSA =4. 88 x 10° N/m,HDV =3:1:3,
HDC =1:3:1,NSC =2.22 x 10°* N/m, the value of the
bond strength of asphalt mortar is found to be the most
important determinant of the strain-energy density.

4 Conclusions

1) Based on the random generation algorithm, the
three-dimensional microstructure of asphalt concrete can
be built for the virtual bending test. Suitable micro me-
chanical contact models can be applied to the virtual spec-
imen. The virtual bending fracture test can be performed
well by the PFC3D with three heterogeneous features.

2) The development process of crack failure is clearly
captured and visualized at every stage. The load-deflec-
tion curve of virtual test matches the experimental curve,
indicating that the virtual test can be validated by the la-
boratory fracture test.

3) The orthogonal test is applied to analyze the impacts
of seven meso-scale factors on fracture performance. The
factors influencing the value of tensile strength, tensile
strain and strain-energy density are listed in decreasing or-
der as follows: BSA > VFC > HDC > VFV > HDV > NSA
>NSC, VFC > VFV > BSA > HDC > HDV > NSA >
NSC and BSA > VFV > VFC > NSA > HDV > HDC >
NSC, respectively.

4) Based on the range value and variance analysis, the
value of the bond strength of asphalt mortar is found to be
the most important determinant of tensile strength. The
volume fraction of coarse aggregates is considered to be
the most important determinant of tensile strain, while the
value of the bond strength of asphalt mortar is found to be
the most important determinant of strain-energy density.
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