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a b s t r a c t

A heterogeneous fracture approach is presented for modeling asphalt concrete that is composed of solid
inclusions and a viscous matrix, and is subjected to mode-I loading in the fracture test configuration. A
heterogeneous fracture model, based on the discrete element method (DEM), is developed to investigate
various fracture toughening mechanisms of asphalt materials using a high-resolution image processing
technique. An energy-based bilinear cohesive zone model is used to model the crack initiation and prop-
agation of materials, and is implemented as a user-defined model within the discrete element method.
Experimental fracture tests are performed to investigate various fracture behavior of asphalt concrete
and obtain material input parameters for numerical models. Also, bulk material properties are necessary
for each material phase for heterogeneous numerical models; these properties are determined by uniax-
ial complex modulus tests and indirect tensile strength tests. The main objective of this study is to inte-
grate the experimental tests and numerical models in order to better understand the fracture
mechanisms of asphaltic heterogeneous materials. Experimental results and numerical simulations are
compared at different test conditions with excellent agreement. The heterogeneous DEM fracture mod-
eling approach has the potential capability to understand various crack mechanisms of quasi-brittle
materials.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Asphalt concrete is a quasi-brittle composite material
composed of solid inclusions (aggregates) and a viscous matrix
(asphalt mastic). The mastic is composed of fine sands and
asphalt binder, and holds larger aggregates together. The fracture
of heterogeneous solids is a difficult problem to solve numeri-
cally, due to the creation and continuous motion of new sur-
faces. The use of a homogeneous approach to analytically
describe these mechanisms would be a general approximation,
since the fracture patterns typically consist of a main crack,
crack branching, crack tortuosity, and microcracks. Various
micromechanics-based approaches for heterogeneous materials
have been studied extensively for non-interacting inclusions,
using both experimental and analytical methods (Voigt, 1889;
Einstein, 1911; Reuss, 1929; Paul, 1960; Hirsh, 1962; Hashin,
1965; Christensen and Lo, 1979). However, since it was very dif-
ficult to predict the behavior of interacting inclusions in hetero-
geneous solids using closed-form solutions, numerical
approximation has been studied in cementitious materials for
the past decade based on its enhanced computational capability
ll rights reserved.

: +41 44 821 6244.
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(Rothenburg et al., 1992; Schlangen and van Mier, 1992; Bazant
and Jirasek, 1994; Bolander and Saito, 1997; Mohamed and
Hansen, 1999; Chang et al., 2002; Sadd et al., 2004).

Many different fracture-toughening mechanisms occur in het-
erogeneous solid mediums due to the non-homogeneity of the
specimen; these include microcracking, crack branching and
deflection, crack face sliding, crack bridging, and crack tip blunt-
ing. During the fracture process, the high-stress state near the
crack tip causes microcracking at flaw sites, such as air voids
that remain after material compaction. This microcracking phe-
nomenon consumes a part of the external energy introduced
by the applied load, and the resulting microcracks have a vari-
able orientation with respect to the main crack plane. Further-
more, the density of microcracks generally decreases with
increasing distance from the face of the main crack (Birgisson
et al., 2008). The main crack, or macrocrack, may propagate into
several branches due to the heterogeneity of asphalt concrete;
more energy will be consumed in the formation of new crack
branches. Crack deflection can occur when a relatively stronger
particle is located in the pathway of the main crack. Also, during
the opening of a tortuous crack there may be some frictional
sliding between the cracked faces that causes energy dissipation.
Crack bridging and crack blunting can occur due to aggre-
gates and air voids in the pathway of the main crack (Bazant and
Planas, 1998).
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2. Outline and Objectives

Several experimental and numerical fracture studies of asphalt
materials have been carried out (Majidzadeh et al., 1971; Abdulshafi
and Majidzadeh, 1985; Jenq and Perng, 1991; Jacob et al., 1996; Li
and Liu, 2000; Guddati et al., 2002; Wagoner et al., 2005). However,
the lack of tools for attaining quantifiable fundamental knowledge of
the heterogeneous fracture evolution of asphalt materials necessi-
tated an extensive computational research program. This paper ana-
lyzes the heterogeneous fracture behavior of asphalt concrete,
composed of solid inclusions and a viscous matrix, when subjected
to mode-I loading in the fracture test configuration. The aim of this
study is to develop a fundamental approach toward identifying
and quantifying the fracture toughening mechanism in asphalt
materials using image-based numerical models. Image analysis
could capture the aggregate skeletons from specimen images and
elicit the heterogeneous features of asphalt specimens. Fig. 1 illus-
trates the components of heterogeneous fracture behavior, includ-
ing the fracture process zone (FPZ), crack mouth opening
displacement (CMOD), and crack tip opening displacement (CTOD),
microcracks, and distributions of stress and strain ahead of the crack
tip. The CTOD is a difficult parameter to measure experimentally, so
the CMOD is widely used as an alternative to CTOD.

It is well known that the complex fracture phenomenon of het-
erogeneous solids cannot be solved by experiments alone. A micro-
mechanical fracture modeling approach, developed based on a
high-resolution image processing technique, could investigate the
fundamental fracture behavior of asphalt concrete as well as more
global material behavior under various test conditions. The imag-
ing technique referred to herein maps out cross-sectional images
of material heterogeneity using high-resolution scanned images,
then projects them into numerical meshes (Buttlar and You,
2001). Several aspects of heterogeneous fracture behavior in
asphalt materials were investigated in this study, with different
nominal maximum aggregate size (NMAS), temperatures, displace-
ment measurements, aggregate types, and progressive crack and
stress distributions ahead of the crack tip. All experimental tests
and modeling exercises were focused on the cracking behavior at
low temperatures (from 0 to �30 �C).

3. Constitutive laws

3.1. Discrete element method

The idea of using discrete particles in numerical simulations
was introduced by Born and Huang (1954), where atoms are
described via the concentrated mass and contact force of interac-
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Fig. 1. Concepts of heterogen
tion with other atoms (Nezai et al., 2004). The discrete element
method (DEM) is a numerical method proposed by Cundall
(1971), initially used to solve non-continuous medium problems
such as geology engineering problems. Later, the application of
DEM was extended to analyze assemblies of idealized granular par-
ticles composed of circular disks and spears. After nearly more
than 30 years of development there have been many successful
examples of its application in the field of continuum mechanics
(Mustoe and Griffiths, 1998; You and Buttlar, 2005; Potyondy
and Cundall, 2004; Collop et al., 2006). Contrary to the finite
element method (FEM), in the DEM the nodal points are the cen-
troid of the elements; this method can therefore simulate the tran-
sition process from continuum to non-continuum by changing the
contact types between elements without the need for specialized
elements or remeshing lattices, all while ensuring mass
conservation.

In the absence of damping, the DEM equilibrium equation, at
discrete time intervals for the system of particles, is the
following:

Maþ KDx ¼ Df ð1Þ

where M is the mass matrix, a is the acceleration vector, K is the
stiffness matrix, Dx is the incremental displacement vector, and
Df is the incremental force vector.

The motions of elements are governed by Newton’s second law.
For element i:

mi
d2ui

dt2 ¼ Fi ð2Þ

Ii
dxi

dt
¼ Mi ð3Þ

where, ui is the displacement of the center of mass of element i; xi

is the rotational velocity of element i; mi and Ii are the mass and
inertial moment of element i, respectively; and Fi and Mi are the
total external force and centroidal moment acting on the element
i, respectively.

The differential Eqs. (2) and (3) can be solved via the explicit
finite difference method, assuming that the displacement ui(t),
velocity vi(t), rotational velocity xi(t), acceleration ai(t) and rotary
acceleration bi(t) of element i in time t are all known. The following
Eqs. (4) and (5) can be obtained from Eqs. (2) and (3):

aiðtÞ ¼
FiðtÞ
mi

ð4Þ

biðtÞ ¼
MiðtÞ

Ii
ð5Þ

In time t + Dt:
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v iðt þ DtÞ ¼ v iðtÞ þ aiðtÞDt ð6Þ
xiðt þ DtÞ ¼ xiðtÞ þ biðtÞDt ð7Þ
uiðt þ DtÞ ¼ uiðtÞ þ v iðt þ DtÞDt ð8Þ
eiðt þ DtÞ ¼ eiðtÞ þxiðt þ DtÞ � eiðtÞDt ð9Þ

eiðt þ DtÞ ¼ eiðt þ DtÞ
jeiðt þ DtÞj ð10Þ

where ei, which is bound to the element i, is a unit vector. In the
present work, ei is used to record the rotation of the element i. Dt
represents the time step, which is a basic parameter for finite differ-
ence methods of dynamic problems. Although a small Dt causes
poor efficiency of calculation, a large Dt may cause instability of
analysis. The optimal Dt can be obtained from Eq. (11)

Dt <

ffiffiffiffiffi
m
K

r
ð11Þ

where K is the contact stiffness and m is the particle mass.
Fig. 2 shows the contact stiffness at a contact point along with

displacements and rotations of particles. A two-dimensional ele-
ment stiffness matrix is shown in Eq. (12).

The element stiffness matrix is:

Ke;local ¼

Kn 0 0 �Kn 0 0
0 Ks 0 0 �Ks 0
0 0 Ksr2 0 0 0
�Kn 0 0 Kn 0 0

0 �Ks 0 0 Ks 0
0 0 0 0 0 Ksr2

2
666666664

3
777777775

ð12Þ

where, Kn and Ks are contact stiffness for normal and shear direc-
tions, and r is the particle radius.

For two-dimensional (2-D) disks with two translational degrees
of freedom and one rotational degree of freedom for each particle,
as shown in Fig. 2, the stiffness matrix can be transformed to the
global coordinate system by:

Ke;global ¼ TT Ke;localT ð13Þ

where T is an orthogonal transformation matrix given by:

T ¼

cos h sin h 0 0 0 0
� sin h cos h 0 0 0 0

0 0 1 0 0 0
0 0 0 cos h sin h 0
0 0 0 � sin h cos h 0
0 0 0 0 0 1

2
666666664

3
777777775

ð14Þ

where h is the inclination of the contact as shown in Fig. 2b.
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Fig. 2. Contact stiffness and particle movements. (a) Contac
Based on the strain energy density, the relationship between
the discrete element contact stiffness and elastic properties of a
plane strain condition is given by (Kim, 2007):

Kn ¼ Effiffiffi
3
p
ð1þ mÞð1� 2mÞ

ð15Þ

Ks ¼ Eð1� 4mÞffiffiffi
3
p
ð1þ mÞð1� 2mÞ

ð16Þ

For a plane stress condition, the relationship is given by:

Kn ¼ Effiffiffi
3
p
ð1� mÞ

ð17Þ

Ks ¼ Eð1� 3mÞffiffiffi
3
p
ð1� m2Þ

ð18Þ

where E is an elastic constant and m is a Poisson’s ratio.

3.2. Cohesive zone model

An intrinsic bilinear cohesive zone model, as shown in Fig. 3,
has been implemented as a user-defined model in the discrete ele-
ment method for numerical fracture simulations. Cohesive zone
models are described by three parameters (two are independent):
the cohesive fracture energy (Gf), the cohesive tensile (rmax) or
shear (smax) strength, and separation length (dsep).

In general, cohesive energy is obtained from experiments and
can be represented as simply:

Gf ¼
Z dsep

0
rcðdÞdd ð19Þ

The verification of cohesive fracture model has already been estab-
lished using a double cantilever beam to deliver the analytical solu-
tion (Kim and Buttlar, 2005). More details of bilinear cohesive zone
models can be found in previous studies (e.g., Rahulkumar et al.,
2000).

4. Materials and experimental tests

Two asphalt concrete mixtures (LR-19 and LR-9.5) were utilized
in the investigation of asphalt concrete fracture, both of which
used the same aggregate type, dolomite limestone, from a local
central Illinois source. The LR-19 and LR-9.5 had NMASs of 19
and 9.5 mm, respectively. The mixtures used 5.25% PG64-22
asphalt binder supplied from Emulsicoat Inc., and their aggregate
gradation plots are shown in Fig. 4 based on the SuperpaveTM

mix design developed by the strategic highway research program
(SHRP). The maximum theoretical specific gravity (Gmm) was
(b)  

t stiffness. (b) Displacements and rotations of particles.



Fig. 4. Aggregate gradation of asphalt mixture.
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2.525 for the 9.5-mm mixture and 2.473 for the 19-mm mixture.
Fig. 4 shows the upper and lower bounds, or so-called control
points, for the optimal asphalt mixture performance. Specimens
were mixed in the temperature range of 148–153 �C, and the com-
paction was carried out in a gyratory compactor in the temperature
range of 142–146 �C. Uniaxial complex modulus tests and indirect
tensile (IDT) tests were performed to determine the bulk material
properties of aggregates, mastics, and mixtures as shown in Fig. 5.
Young’s modulus of asphalt concrete was obtained at �10 �C with
10 Hz loading frequency, using a compressive uniaxial dynamic
modulus test (ASTM D3497-79, 2003). The tensile strength was ob-
tained by following the AASHTO T322 (2004) test procedures, with
average values of 3.58 and 3.20 MPa for the 9.5- and 19-mm mix-
tures, respectively.
Fig. 5. Experimental tests for determining bulk material properties. (a) Uniax
A standard test procedure for determining the fracture energy
of asphalt concrete has not been established. For this study, a
disk-shaped compact tension (DC(T)) geometry was developed to
experimentally test the numerical modeling approach. The speci-
mens are cylinders, 150 mm diameter, with mechanical notches
fabricated 25% of the way down the ligament (Fig. 6 and Table
1). The DC(T) test is loaded in tension through the loading holes
and conducted with a constant CMOD rate of 1 mm/min. The detail
test dimension of DC(T) can be found in Table 1; and U is the hole
diameter of DC(T) specimen.

All testing was conducted using an Instron 8500 100 kN load
frame with an environmental chamber capable of controlling the
temperature between �30 and 30 �C, within ±0.1 �C. The load
was monitored with a 10 kN load cell. The CMOD was monitored
with an Epsilon Model 3541-0020-250-ST clip-on gauge (Fig. 6b)
with a length of 5 mm and a total travel of 6.35 mm.

To investigate the fracture energy of asphalt concrete, force ver-
sus CMOD is compared with force versus d25. The quantity CMOD
has been widely used in fracture related studies, but both bulk
and fracture contribute to the CMOD. Therefore, the d25 was pro-
posed for the determination of CTOD; this quantity is measured
from a gauge length of 25 mm, spanning the original crack tip.
The proposed d25 measurement is inspired by the work of Schwal-
be (1995), who also proposed the d5 concept. Due to the coarse
aggregate of asphalt concrete, ranging from 4.75 to 19 mm, the ori-
ginal concept of d5 that was adequate for fine grain sized materials
such as steel was replaced with the more appropriate d25 concept.

The gauge length should be long enough to ensure a reduction
in statistical variation, but close enough to the notch tip to provide
meaningful information. The 25-mm gauge length ensures that an
individual aggregate from the mixture would not influence the
measurement. The gauge points were mounted to the surface of
ial test for aggregate. (b) Uniaxial test for mastic. (c) Indirect tensile test.



Table 1
DC(T) test dimension (unit: mm).

D W C d a U t

150 110 35 25 27.5 25 50

Fig. 6. DC(T) geometry and test set-ups. (a) DC(T) geometry. (b) Experimental test set-ups.
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the specimen at 25 mm along the gauge length, as shown in Fig. 6b.
The displacement was measured using an Epsilon Model 3541-
0050-200-ST clip-on gauge, which has a gauge length of 12.5 mm
and a total travel of 5 mm. Two gauges were used on either side
of the specimen to provide for the average displacement.

5. Simulation of Heterogeneous Fracture Model

5.1. Image analysis

An image processing technique was used to capture the micro-
structure of asphalt specimen, using high-resolution scanned
images and user-defined Visual Basic programming language that
Fig. 7. Digitized specimen images. (a) A laboratory specimen with 19-mm NMAS. Digiti
can detect aggregate locations and shapes in the asphalt mixture.
As illustrated in Fig. 7a, a digitalized specimen image was obtained
from laboratory asphalt specimens via scanning. Digital specimen
images with different aggregate size ranges were obtained and
analyzed using Image-Pro Plus image processing software (2004).
The aggregate size ranges are from 0.6 to 19 mm (Fig. 7b), from
1.18 to 19 mm (Fig. 7c), and from 2.36 to 19 mm (Fig. 7d). The dig-
itized images were then projected onto a discrete element mesh
via a user-defined visual basic program, as shown in Fig. 8. In this
paper, only the specimen image with a 1.18-mm minimum aggre-
gate size was selected for numerical simulations; this was done to
reduce the computational time while still achieving acceptable
microstructure resolution. The polygon detection algorithm, devel-
oped in visual basic, was developed based on a mathematical
approach to solving the geometric problems often encountered in
computer graphics. The geometric solution used herein deter-
mined whether a given prediction point (x,y) lies inside or outside
of 2-D aggregate boundary lines. The geometric coordination of
aggregate boundary points was obtained from the image analysis.
Fig. 8 shows a hexagonal particle arrangement used for this study,
zed images with minimum aggregate size of (b) 0.6 mm. (c) 1.18 mm. (d) 2.36 mm.



Fig. 8. DEM specimen mesh with hexagonal arrangement.
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although there are other possible arrangements, such as random or
square particle arrangements. The hexagonal arrangement was
chosen because: (i) it is difficult to assign heterogeneous bond
properties to the random particle contacts; (ii) the theoretical Pois-
son’s ratio for loading of the square arrangement is zero in one of
the principle directions of square arrangement. The hexagonal
close arrangement is the densest packing method, as proven by
Hales (1992).

5.2. Heterogeneous fracture model

The heterogeneous fracture model constituents are composed
of three phases: aggregates, asphalt mastic (asphalt binder and
fine sands), and the interface between aggregates and asphalt
mastic. As illustrated in Fig. 9, each phase requires an indepen-
dent set of material parameters, namely: Young’s modulus, ten-
sile strength, and fracture energy. It was assumed that the
aggregate is linear elastic without softening, the mastic is non-
linear elastic with cohesive softening, and the interface is nonlin-
ear elastic with adhesive softening. Current experimental
procedures limit the ability to measure all required parameters,
especially the interface parameters. Thus a limited number of
experiments were conducted on the aggregates, mastics, and
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Fig. 9. Multi-phase geometries an
mixtures so as to determine the most possible material parame-
ters (i.e., Young’s modulus, tensile strength, and fracture energy
for both aggregate and mastic) based on uniaxial modulus, IDT
strength, and DC(T) fracture tests. It was assumed that the mod-
ulus of interface is the same value of mastic. For the remaining
parameters (i.e., tensile strength and fracture energy for the
interface between aggregate and mastic), the inverse analysis
was conducted based on experimental parameters obtained from
the literature (Tschegg et al., 1995; Ince et al., 2003). However, it
is known that perfect determination of interface parameters is
impossible due to the different statistical distributions of air
voids and binder coating conditions at different observation lev-
els. Further investigation into the interface behavior is clearly
warranted.

DC(T) laboratory specimens were selected to illustrate the
ability of heterogeneous DEM models to capture various fracture
phenomena of asphalt concrete. For the DEM fracture model with
19-mm NMAS shown in Fig. 8, a total of 38,721 particles with radii
of 0.35 mm and 114,994 contacts were arranged according to the
hexagonal particle arrangement. A total of 15,714 particles and
32,738 contacts were labeled as aggregates, 23,007 particles and
54,008 contacts were labeled as mastic, and 28,248 contacts were
used for the interfaces between aggregates and the mastic were
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Table 2
Material parameters for heterogeneous fracture models.

DC(T) at �10 �C with PG64-22 Material Properties DEM Contact Properties

NMAS Poisson’s ratio Phase Young’s modulus (GPa) Tensile strength (MPa) Normal stiffness (G N/m) Shear stiffness (G N/m) Bond strength (N)

19 mm 0.15 Aggregate 56.8 6.59 2.04 0.81 133.24
0.25 Mastic 11.4 2.87 0.52 0.0021 58.05
0.25 Interface 11.4 2.61 0.52 0.0021 52.87

9.5 mm 0.15 Aggregate 56.8 6.59 2.04 0.81 138.57
0.25 Mastic 18.2 3.78 0.84 0.0034 79.53
0.25 Interface 18.2 3.44 0.84 0.0034 72.44

Thickness: 50 mm for 19-mm NMAS Specimen, 52 mm for 9.5-mm NMAS Specimen. Tensile strength of the interface was determined through inverse analysis.
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used for this simulation. For the DEM specimen with 9.5-mm
NMAS, a total of 38,684 balls, each with a 0.35-mm radius and
114,857 contacts were arranged hexagonally. For this specimen,
13,126 balls and 25,560 contacts were used for aggregates,
25,558 balls and 62,116 contacts were used for the mastic, and
27,181 contacts for the interface between aggregates and mastic
were used. The material parameters for each DEM model are
shown in Table 2.
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5.3. Analysis results

5.3.1. Effects of NMAS
Fig. 10 shows the experimental results of DC(T) tests for both

the 9.5- and 19-mm asphalt specimens. The fracture behavior of
the 19-mm NMAS specimen shows slightly smaller peak loads
and more compliance in the softening curves, in general. However,
this behavior depends significantly on the specimen thickness and
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Fig. 11. Comparisons of numerical and experimental results tested at �10 �C. (a) 9.5-mm NMAS. (b) 19-mm NMAS.
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on such micro structural factors as air voids and the spatial distri-
bution of aggregates. Using the aforementioned image analysis,
DEM fracture models with the same 2-D cross-section microstruc-
ture as those obtained from experimental specimens were simu-
lated and compared. Fig. 11 compares experimental and
numerical results and shows numerical crack trajectories in force
versus CMOD curves. The numerical crack trajectories are not the
same according to experimental testing, although the DEM models
have the same microstructures as laboratory specimens in the 2-D
manner. This is not a surprising phenomenon, based on the com-
plexity and probability of cracking during material fractures. Some
reasons for the numerical results differing from the experimental
results are: (i) the real crack path is not 2-D, rather a three-dimen-
sional (3-D) path with tunneling through the specimen thickness;
(ii) smaller aggregates (less than 1.18 mm) and air voids can signif-
icantly affect the crack path; (iii) laboratory testing cannot repro-
duce exact symmetric loading conditions, while that is possible
in the numerical modeling; (iv) theoretically, the crack path is
not deterministic, and other approaches such as statistical analysis
may be required because no model cannot perfectly consider mul-
ti-scale behaviors; (v) more advanced and realistic material models
considering 3-D microstructure still need to be investigated in
order to simulate the true crack propagation. The global responses
showed generally good agreement with experimental results,
although better results might be obtained with additional
iterations during the calibration procedure, and with a more
sophisticated softening model. DEM fracture models could
represent arbitrary crack initiation and propagation. Furthermore,
a 3-D heterogeneous fracture model would yield further improve-
ments to model accuracy, although it is time-consuming due to the
high computational cost.

5.3.2. Displacement measurements
The fracture energy may be overpredicted when calculating

based on CMOD due to the bulk dissipation of energy. The CMOD
is being measured at a significant distance (62.5 mm) from the
notch tip; its magnitude is a combination of displacements due
to fracture and compliance. Experimental distinction between frac-
ture and compliance displacements is difficult, but the lower test
temperatures may reduce the displacement by the bulk dissipation
of the energy. Therefore, displacement due to fracture would dom-
inate the CMOD. However, when the temperature increases, the
compliance of the specimen increases. The CMOD measurement,
which is relative to the fracture process, led to the application of
d25 measurement. Fig. 12 illustrates the load-displacement curves
for the LR-19 mixture at �10 �C. The most noticeable change
between the CMOD and d25 measurements is the initial loading
portion of the curves. The CMOD shows significant amounts of
stiffening displacement during the initial loading, with a typical
displacement of 0.15 mm at peak load. However, the d25 measure-
ment shows reduced displacements during the initial loading, with
the displacement being essentially zero until softening occurs
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Fig. 12. Heterogeneous DC(T) numerical and experimental results with 19-mm NMAS at �10 �C. (a) Comparisons of CTOD, d25, and CTOD measurements. (b) Numerical
results with different delta measurements.
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around the peak load. The CMOD is definitely measuring the
compliance of the material before the macrocrack has initiated.
In contrast, the d25 measurement provides a more realistic mea-
surement of the fracture process, where the displacements at the
notch tip are very small until the stress level is large enough to
start growing the fracture process zone and then to initiate the
macrocrack.

As shown in Fig. 12, the fracture energy as measured by CTOD
has less value than those either CMOD or d25 in the numerical sim-
ulation. In the DEM model, more comprehensive comparisons were
accomplished with different measurement lengths, including a
true crack tip displacement; they are; 2.5, 5, 10, 20, 25, and
50 mm. As shown in Fig. 12(b), the d25 approach could reduce large
amounts of fracture energy. The amount of fracture energy
obtained from experiments was seen to depend on displacement
measurements like CMOD, d25, and CTOD. Therefore, the true frac-
ture energy will be overestimated if the crack tip displacement
cannot be measured.

5.3.3. Effects of temperature
Fig. 13 provides force versus CMOD results for 9.5-mm NMAS

specimens at two different temperatures, and the results illustrate
significantly different material behavior between �10 and 0 �C.
The specimen at 0 �C exhibited a higher fracture energy and
slightly lower peak than that obtained at �10 �C. The predicted
crack trajectories at �10 �C and 0 �C were also different, even
though an identical morphological model was used.

The global fracture responses were compared with CMOD and
d25 at different temperatures to investigate the flow of fracture
energy. Fig. 14 illustrates that the fracture energy obtained from
DC(T) tests increases dramatically, and the scattering level of test
data becomes wider, with temperature increase. Both the global
fracture responses by CMOD and d25 can be affected by the differ-
ent loading rates, but this is beyond the scope of the current work.

5.3.4. Effects of aggregate type
The heterogeneity of asphalt concrete should be considered in

studying the fracture process zone in order to develop fundamental
models that capture the physics related to the separations that occur
in particulate composites. The potential crack path can traverse
through aggregates, mastics, and the interfacial surfaces between
aggregates and mastics. For example, Fig. 15 shows the fractured
faces of two specimens tested at �20 �C, one composed of a weak
aggregate (limestone) and the other of a relatively strong aggregate
(granite). The advancing crack in this fracture test, denoted by the
darker regions on the left side of the specimens, tended to propagate
through the weaker limestone aggregates, while very few broken
aggregates were observed in the granite mixture.
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A parametric analysis was conducted in order to understand the
effects of aggregate strength on global fracture behavior, as pre-
sented in Fig. 16. The aggregate strength can affect is demonstrated
to affect the softening part as well as the peak load. The crack in the
specimen with low aggregate strength traversed through many
aggregates, whereas very few aggregates were broken in the simu-
lations with stronger aggregates, as shown in Fig. 16b and c.

5.3.5. Progressive fracture process zone
The fracture process zone (FPZ) is a nonlinear zone character-

ized by progressive softening, where the traction across the form-
ing crack surface decreases as separation increases. The different
fracture toughening mechanisms of brittle, quasi-brittle, and duc-
tile materials are greatly influenced by the FPZ characteristics.
Fig. 15. Fracture faces of DC(T) specimens. (a)
Since the FPZ consumes a substantial amount of the energy sup-
plied by the applied load, its presence is important for the fracture
response after the peak load is reached. To study this phenomenon
in more detail, the extent of the zones of compression, tension,
softening, and fracture in the DC(T) specimen was obtained from
the DEM simulations. As shown in Fig. 17, the extent of the FPZ,
represented in red, increased until crack initiation occurred. It then
gradually decreased as the crack propagated. Clearly, the FPZ size is
affected by proximity to the specimen boundary, due mainly to the
flexure present in the DC(T) test (not unlike that present in bend-
ing tests). From Fig. 17(b), current DEM simulations show clearly
that microcracks occurred in asphalt concrete when the softening
started just after passing the peak load. The heterogeneous DEM
fracture model could capture the distribution of cracks and stress
during a progressive fracture. The definitions of microcrack and
macrocrack threshold herein were 0.001926 and 0.1926 mm,
respectively, based on the relative particle displacements at all
local contact points, although the choice of the definition thresh-
olds depends on the observation and simulation levels.

6. Conclusions

A discrete element cohesive fracture model, with heterogeneity
subjected to mode-I fracture test configuration, was developed to
study the various fracture behaviors of asphalt concrete. The aim
of this paper was to demonstrate the potential benefits of numer-
ical prediction for the various fracture mechanisms of heteroge-
neous materials. A discrete element method was introduced as a
useful method for integrating experimental, analytical, and numer-
ical approaches based on the image-based microstructure. A
micromechanical fracture model was successfully applied with
disk-shaped fracture tests subjected to mode-I loading. The asphalt
Limestone mixture. (b) Granite mixture.
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specimen microstructure was determined using a high-resolution
image analysis, mapped into a clustered DEM mesh. However,
the heterogeneous fracture model developed in this study required
more material properties than would a conventional homogenized
numerical model. Material parameters of the numerical fracture
Fig. 17. Progressive fracture process of the heterogeneous DEM model with crack (top) a
concentration with initial microcracks. (c) FPZ movement with a macrocrack. (d) Stress
model were determined from experimental bulk and fracture tests,
such as uniaxial modulus, indirect tensile, and fracture tests. Based
on experimental results and comprehensive inverse analyses, the
heterogeneous material properties were determined and assigned
into all contacts of discrete element fracture models.
nd stress distribution (bottom). (a) Stress hardening without microcracks. (b) Stress
disappearing with damaged materials.
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Numerical simulations with different nominal maximum aggre-
gate sizes, temperatures, and aggregate types were conducted to
understand various fracture mechanism. Experimental results
showed that the aggregate strength and the maximum aggregate
size in asphalt mixtures played important roles for the hardening
and softening behavior during the fracture of materials. The frac-
ture energy was determined and compared based on both CMOD
and d25 measurements at different temperatures. It was recognized
that a determination of fracture energy depends on the measure-
ment methods and that CMOD can overpredict the true fracture
energy. Numerical simulations showed excellent agreement with
experimental results at different temperatures and with different
mixture types. Furthermore, the heterogeneous DEM fracture mod-
el could potentially capture the physical crack and stress distribu-
tion along with global fracture responses. The simulation of
numerous laboratory tests could be possibly used to reduce the
required number of expensive and time-consuming experimental
tests. Although much more work is needed to validate the numer-
ical fracture models presented herein, including interface fracture
tests and measurement of microcracks, the discrete element frac-
ture modeling approach appears to have significant potential to
aid in the understanding of fracture behavior in asphalt concrete.
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