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Abstract: In order to study fracture behaviors of asphalt
mixtures, virtual tests of the two-dimensional(2D) microstructure
based on the discrete element method( DEM) are designed. The
virtual structure of the 2D digital specimen of asphalt mixture is
generated based on a particle generation program, in which the
gradation and the irregular shapes of aggregates are considered.
With the 2D digital specimens, a DEM-based mixture model is
established and center-point beam fracture simulation tests are
conducted by the DEM. Meanwhile, a series of calibration tests
are carried out in laboratory to evaluate the DEM model and
validate the methods of virtual fracture tests. The test results
indicate that the fracture intensity of asphalt mixtures predicted by
the DEM matches very well with the intensity obtained in
laboratory. It is concluded that the microstructural virtual tests
can be used as a supplemental tool to evaluate fracture properties
of asphalt mixtures.
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racking has been pointed out as a major problem in as-
C phalt concrete( AC) pavements. Previous studies predic-
ting fracture properties were based on extensive physical ex-
periments such as beam bending tests and indirect tensile
tests. However, fracture properties predictions from tests
come at the expense of conducting time-consuming and cost-
ly test procedures. Micromechanical modeling has tremen-
dous potential benefits in the field of asphalt technology to
reduce or eliminate costly tests to characterize asphalt-
aggregate mixtures for design and control of these materials.
Over the past 10 years, the use of micromechanics to pre-
dict properties of asphalt mixtures and mastics has drawn in-
creasing attention, and a number of approaches have been
investigated. Birgisson et al. """ used the boundary element
method ( BEM) to predict viscoelastic response and crack
growth in asphalt mixtures. Sadd et al. ' used the finite ele-
ment method (FEM) to simulate the indirect tensile test. Fi-
nite element modeling of the asphalt concrete microstructure
allows accurate modeling of aggregates and mastic micro-
structure geometry. However, the current limitations of this
approach are the convergence difficulties in modeling the ir-
regular shapes of aggregate and the contact geometry be-
tween the aggregate and the binder. Furthermore, the mod-
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eling of the aggregate or the mastic fracture during strength
test simulations is very cumbersome based upon current fi-
nite element capabilities, unless a continuum approach is
adopted, in which case the microstructural features are ho-
mogenized into an equivalent material.

The DEM is a promising technique for micromechanical
modeling of the asphalt concrete microstructure. The dis-
crete element method analyzes particulate systems by model-
ing the translational and rotational behavior of each particle
using Newton’s second law with appropriate interparticle
contact forces. Rothenburg et al. " developed a microme-
chanical discrete element model for asphalt concrete to in-
vestigate pavement rutting. Chang and Meegoda'*! proposed
a micromechanical model based upon the discrete element
program ASBAL, which was developed by modifying the
TRUBAL program to simulate hot mix asphalt (HMA).
The modified program allowed aggregate-binder-aggregate
contact and aggregate-aggregate contact. An innovative fea-
ture in the model is the consideration of both aggregate-
binder-aggregate contact and aggregate-aggregate contact.
Zhong and Chang"' adopted a micromechanics approach to
consider a contact law for the interparticle behavior of two
particles connected by a binder. The model is based upon
the premises that the interparticle binder initially contains
microcracks, and the discrete element method is used to
simulate the cracking behavior under uniaxial and biaxial
conditions. Besides the researches mentioned above, some
DEM studies were conducted on granular materials or as-
phalt mixtures such as the works by Trent and Margolin',
Sadd et al. "*', and Buttlar et al. """, However, the grada-
tion and irregular shapes of the aggregate in asphalt mixtures
have not been considered in previous studies.

1 Numerical Beam Sample Generation
1.1 2D quantity gradation of aggregate

Assuming that the shape of an aggregate is spherical, the
probability that a circular plane with a diameter of d; cut
from one sphere with a diameter of d, can be written as

P(D, =d | D, =d) (1

According to the statistical distribution theory, for large
numbers of spherical aggregates with diameters from d, to d,
in asphalt mixtures, the probability that the circular plane
with a diameter of d, in the section of asphalt mixtures can
be represented by a set of linear equations,

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

where P(D, = d;) is the probability that the circular plane
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with a diameter of d; occurs in the section of asphalt mix-
tures and P(D, =d,) is the percentage of aggregate with d,
of all aggregates. If the difference in density between the
coarse aggregate and the fine aggregate is ignored, P(D, =
d;) can be considered as the weight proportion of the aggre-
gate with a diameter of d; to the total aggregates in asphalt
mixtures. So the probability P(D, =d, | D, =d,)is crucial
to obtain P(D, =d,) in the section of asphalt mixtures.

DeHoff and Rhines''" derived the relationship of statisti-
cal distributions between N(D, =d,) and N(D, =d,),

N(D, =d;) =2A 2 k,N(D, =d,) (3)

where N(D, =d,) is the statistical distribution of an aggre-
gate group whose diameter ranges from d, to d,,, in all the
aggregates; N(D, =d;) is the statistical distribution of the
circular plane whose diameter ranges from d, to d,,, in the
section of asphalt mixtures; n is the number of aggregate
groups; m is the number of circular plane groups; A repre-
sents the diameter ranges of aggregate groups, and k; is the
distribution of the aggregate group whose diameter ranges
from d; to d,,, to the circular plane whose diameter ranges

from d, to d,,, in the section.
k; =0 JFEL j>i 4
) 1 2 ) ) 172 ) 3 172 ) )
L=[(i-5) -G-07) =(i-3) =i
1 2 1/2 1 2 172
kﬁ:[(z’—?) —(j—l)] —[(z‘—j) —j] J#FEL j<i
(6)

According to Egs. (3)to (6), the number of the circular
plane whose diameter ranges from d, to d,,, in a certain sec-
tion of asphalt mixtures can be obtained by the following ex-
pression,

M(D, =d) =24 k,M(D, =d,) (7)
i=j
where M(D, =d;) is the number of the circular plane with
the diameter ranging from d; to d,,, and M(D, =d,) is the
number of aggregates with the diameter ranging from d, to
d,,, in a given volume of asphalt mixtures. M(D_=d,) can
be obtained by the following equation,

48

M(D.=d) =—
( ’ l) Tr(di+di+])3

V(D, =d;) (8)

where M(D, =d,) is the volume of aggregates whose diame-
ters range from d, to d,,,. V(D, =d,) can be easily obtained
from the gradation of asphalt mixtures when the density of
the coarse aggregates is similar to that of the fine aggre-
gates.

Accordingly, the 2D quantity gradation of the virtual
structure of two-dimensional digital specimens can be ob-
tained by Eqgs. (4) to (8). The gradation of the coarse ag-
gregates in a mixture called AC16 in China and the 2D
quantity gradation of AC16 are listed in Tab. 1.

Tab.1 Gradation of asphalt mixture and 2D quantity
gradation of the section

Percent passing/ %

Sieve
size/mm Asphalt concrete 2D numerical asphalt concrete

19.0 100 100

16.0 95 98

13.2 84 95

9.5 70 90

4.75 43 70

2.36 34 0

1.2 Generation of numerical beam sample

As mentioned in the previous section, an inverse-stereolo-
gy based approach has been successfully developed to con-
vert the volumetric aggregate gradation into the 2D quantity
gradation. In this section, the particle generation method is
combined with the particle arrangement algorithm to form an
automated virtual sample fabrication procedure.

The 2D projective shape of the aggregate in asphalt mix-
tures is always polygonal with an arbitrary shape. By the
digital image processing of asphalt mixtures, the 2D shape
of aggregates can be described as polygonal and the number
of polygonal edges varies from 4 to 10. In this section, the
polygon with n sides (shown in Fig. 1) in polar coordinates
is generated by

r.=R,+(2A -1)R (9)

0,.=2£+(277—1)2£6 (10)
n n

where A and 7 are random numbers (0 <A <1, 0 <y <1);
R, is the average sieve size of two serial sieves; R is the
range of an aggregate radius between two serial sieves; d is a
parameter to reflect the extent of angle fluctuation in polar
coordinates. The angle fluctuation 6, € (2nw(1 - 8)/n, 2w (1
+06)/n) is combined with the radius fluctuation r;, e (R, —
R, R, +R) to reflect the arbitrary shape of the aggregate.

Fig. 1 Particle generation procedure

The resulting aggregate particle is then randomly placed
into the area of the specimen. A check for possible overlaps
of the particles is made, and the generated particle is accept-
ed only if there are no overlaps with other previously gener-
ated particles inside the specimen. Starting with the largest
aggregate, the above procedure recursively proceeds until
the 2D quantity percentage of aggregates is reached!'”. The
procedure and algorithm presented above are implemented
into a program written in Microvisual C, namely AMVF(as-
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Virtual fabrication
Sieve Size: 2D Quantity passing %
19-16am 0
16-13. 2am 0
13.2-9.5am [0
9.5-4.75mm [0
4.75-2.36mm |0
Coarse aggregate I
volume concentration:
Width (cm): 0
Length(em): 0

Cancel

Fig.2 Interface of AMVF

phalt mixture virtual fabrication). Fig. 2 shows the interface
of this program. By inputting the area percentage of coarse
aggregates whose size are larger than 2. 36 mm in the speci-
men and the 2D quantity gradation obtained from inverse
stereology and virtual structure size, AMVF can generate
the 2D virtual structure.

A study of quantitative stereology shows that the apparent
area fraction determined on cut surfaces can be statistically
represented by the actual volume fraction. Thus, in the cur-
rent study, the percentages of the aggregate and the binder
in 2D virtual microstructure are assumed to be the same as
those in the volumetric mixture design. Based on the above
analysis, the area percentage of coarse aggregates in the
specimen can be 45% in this paper. Fig.3 shows the 2D
virtual structure with a nominal sieve size of 16 mm speci-
men (30 mm in length and 5 mm in width). Thus, the vir-
tual structure is composed of coarse aggregates and sand
mastic which is a mixture of fine aggregates in asphalt mix-
tures passing the 2. 36 mm sieve.
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Fig.3 2D v1rtua1 structure with nommal sieve size of 16 mm

2 Virtual Fracture Test of Asphalt Mixture

The virtual fracture test of asphalt mixtures using the
DEM is based on defining three aspects, namely discrete el-
ement modeling, the material properties and the contact
model between discrete elements. Each aspect is covered
separately in the following subsections.

2.1 Discrete element modeling with particle-flow code

of virtual fracture test

Particle-flow code in two dimensions (PFC 2D) is a com-
mercially available distinct element code and it is used in
this paper. The bending beam of center-point loading is
adopted. Fig. 4 shows the discrete model of the virtual beam
with nominal sieve size of 16 mm, in which the coarse ag-
gregate portion is made up of 1 725 particles, and the mastic
consists of 2 025 particles.

Fig. 4 Discrete model of virtual beam

2.2 Contact model of discrete element

In virtual fracture tests, the parallel bonds are combined
with the linear contact stiffness model to simulate the contact
behavior of discrete particles in each coarse aggregate. Con-
sidering the viscoelastics characteristics of sand mastic, the
contact behavior of discrete particles in the sand mastic can
be simulated by the Burgers model( see Fig. 5) and the paral-
lel bonds. For convenience of virtual tests, the contacts be-
tween the sand mastic and the adjacent particles in coarse
aggregates are assumed to be the same as the contact behav-
ior of discrete particles in the sand mastic.

?f Ey 7K Ey
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Fig. 5 Burgers model in PFC 2D. (a) Normal direction; (b)
Shear direction

2.3 Material properties

A typical value of 55. 5 GPa is assumed for the aggregates
modulus'"” . Properties of the sand mastic must be tested for
mechanical parameters. The macroscopical mechanical pa-
rameters in the Burgers model and the strength with normal
direction and shear direction can be obtained respectively by
the direct tensile test and the shear test of the sand mastic in
laboratory. Then, the micro-parameters are obtained by the
relationship between the micro-parameter and macroscopical
performance of the sand mastic. Tab. 2 and Tab. 3 list some
parameters with normal and shear directions in the Burgers
model and parallel bonds of the sand mastic in asphalt mix-
tures with nominal sieve size of 16 mm.

Tab.2 Parameters in the Burgers model

Maxwell Kelvin
Direction  Stiffness/ Viscosity/ Stiffness/ Viscosity/
(MN-m H)(MN:+s-m™ " )(MN-m")(MN-s-m™ ")
Normal 101. 8 4103.3 304.7 5400.0
Shear 34.2 536.7 52.7 410.2

Tab.3 Parameters of sand mastic at 15 C

Direction Strength/Pa Radius/mm
Normal 1.0 0.5
Shear 1.0 0.5

2.4 Virtual fracture test

Based on the model set up above, the virtual fracture test
of AC16 has been conducted under the vertical loading ve-
locity of 1 mm/s. Fig. 6(a)shows the beam of asphalt mix-
tures at the initial stage from the PFC 2D plotting interface,
illustrating the tensile force, compression force magnitudes
and directions with a vector-style plot. From Fig. 6(a), the
compression stress appears on the top of the beam and the
tensile stress appears on the underside of the beam.
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(c)
Fig. 6 Fracture patterns of the model presented in Fig. 4.
(a) Tensile and compressive force chains after loading; (b) Cracks of
mid-span under bending deflection of 0.2, 0.3 and 0.8 mm; (c)
Tensile and compressive force chains after failure
Cracks initiation propagation are presented in Fig. 6(b).

From Fig. 6(b), a great deal of cracks appear in the middle
area of the beam and the spread path of marcocracks is visi-
ble for analysis. It can be noticed that cracking is concen-
trated within the middle portion of the specimen. It can also
be observed that the cracks have the tendency to occur at the
interface between the aggregate and the binder due to the
high stress concentration. Fig. 6(c) shows the failure of the
specimen after virtual bending tests.

The relationship between the vertical force and the ben-
ding deflection of the virtual beam observed by PFC 2D is
displayed in Fig. 7. The fracture intensity of 1.6 MPa and
the fracture strain of 8.94 x 10° are obtained from the
curve in Fig. 7.

120

90 -

60 -

Loading/N

30

0 I L I L I ! I |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Bending deflection/mm
Fig.7 Numerical progressive fracture process

3 Laboratory Testing on Similar Beam Samples

Asphalt mixtures called AC13, AC16 and SMAI13 in Chi-
na are selected and tested to validate virtual fracture tests.
Limestone aggregate and Limestone filler are used in the all
specimens. The aggregate gradation is presented in Tab. 4
and meets the requirements for asphalt mixture gradation in
China. 70# asphalt and the asphalt content of 5. 1%, 4. 7%
and 6. 4% by weight of mixture are used respectively in the

mixture design of AC13, AC16 and SMA13. Beam tests of
center-point loading are conducted under the load control
mode at 15 C.

Tab. 4 Aggregate gradation

Sieve Percent passing/ %
size/mm AC13 AC16 SMAI3
19. 00 100 100 100
16. 00 100 95 100
13.20 90 84 95
9.50 60 70 62.5
4.75 30 48 27
2.36 20 34 20.5
1.18 15 25 19
0. 60 10 17 16
0.30 7 12 13
0.15 5 9 12
0.075 4 6 10

Tab. 5 lists the fracture stress obtained by the test in labo-
ratory of three asphalt mixtures at 15 C. For comparison,
virtual tests of AC13 and SMAI13 are conducted under the
same test conditions. The fracture intensity of ACI3 and
SMAI13 and that of AC16 obtained above by virtual tests are
supplemented in Tab.5. As shown in Tab. 5, there is no
obvious difference in intensity between prediction and labo-
ratory test data.

Tab.5 Fracture intensity of asphalt mixtures

Fracture intensity/MPa

Type size -
Laboratory test Virtual test
AC13 1.9 1.7
AC16 1.6 1.7
SMAL13 2.1 1.9

4 Conclusion

In this paper, the microstructure-based DEM model is de-
veloped and used to analyze the fracture performance of as-
phalt mixtures. The theory of probability is used to convert
the volumetric aggregate gradation into a 2D quantity grada-
tion. The 2D microstructure of asphalt mixtures is obtained
by the virtual structure generation procedure, in which the
2D quantity gradation and the irregular shape of the aggre-
gates are considered. The method of the virtual fracture test
is established, which comprises discrete element modeling
of virtual tests, the material properties and the contact mod-
el between discrete elements. Center-point beam bending
tests are accomplished in laboratory to evaluate the DEM
model and validate the method of virtual tests. By the com-
parison of fracture intensity between laboratory tests and vir-
tual tests, the simulation results on 2D models have satisfac-
tory prediction. It is concluded that the micro-structural nu-
merical tests can be used as a supplemental tool to evaluate
fracture properties of asphalt mixtures. The significance of
the research is that with the laboratory validated micro-struc-
tural model, field asphalt pavement fracture performance
can also be predicted precisely. In the near future, the DEM
technique will be extended to consider viscoplasticity and
three-dimensional microstructure reconstructions.
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