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Abstract

Asphalt concrete is a quasi-brittle composite material which is composed of solid inclusions
and a viscous matrix. The fracture of heterogeneous solids is a difficult problem to handle
numerically due to the creation and continuous motion of new surfaces. A clustered discrete
element method (DEM) is employed as a means to investigate fracture mechanisms in asphalt
concrete at low temperatures. A bilinear cohesive softening model is implemented into the
DEM framework to enable simulation of crack initiation and propagation in asphalt concrete.
The meso-scale representation of the morphology of the material is incorporated into the
DEM model using high-resolution imaging and image analysis software. The bulk properties
and fracture parameters of multi-phase are obtained from experiments and calibration
procedure. The two-dimensional clustered DEM method is applied into mode I fracture tests,
e.g. disk-shaped compact tension (DC(T)) and single-edge notched beam (SE(B)) tests, to
investigate various fracture mechanisms of asphalt concrete. The simulation results are shown
to compare favourably with experimental results, and moreover, the simulations provide new
insight into the fracture mechanisms in asphalt concrete. The modelling technique provides a
physical description of the fracture process zone in laboratory fracture tests and the abilities to
simulate mixed-mode fracture, crack competition, and distribution of macro- and micro-

cracks.
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1. Introduction

The fracturing of asphalt concrete paving surfaces and overlays is a significant cause of
premature pavement deterioration. Cracks at the pavement surface create a permanent
maintenance liability, and those which extend through the thickness of pavement reduce
structural capacity and greatly increase pavement permeability and the intrusion of moisture
into the pavement foundation. Asphalt concrete is a quasi-brittle composite material which is
composed of solid inclusions (aggregates) and a viscous matrix (asphalt mastic). The mastic
is composed of fine aggregates and asphalt binder and is the “glue” material holding larger
aggregates together. The fracture of heterogeneous solids is a difficult problem to handle
numerically due to the creation and continuous motion of new surfaces. The use of linear
elastic fracture mechanics (LEFM) to analytically describe these mechanisms would be
approximate, since the fracture patterns typically consist of a main crack, crack branching,

secondary cracks, and microcracks.

However, there has been very limited work directed towards the development and/or
application of models that can simulate the propagation of cracks in asphalt pavements while
adequately considering the material’s distinctive heterogeneity. Without the ability to model
crack movement, it is not possible to properly assess crack initiation and the complexity of
crack propagation. Typically, three general approaches can be employed in a research
investigation, namely: experimental observations, analytical modeling, and numerical
modeling. Experimental measurements can provide material properties and descriptions of
material behavior, but the results may be affected by the boundary conditions, such as
specimen size, geometry, and characteristics of the testing device. Analytical models can
provide ‘exact’ answers and useful benchmark solutions, but are limited to relatively simple
boundary value problems with highly idealized and simplified material properties. Numerical
methods can be employed to extend analytical methods to consider more complex boundary
conditions and material constitutive models, as has been demonstrated with the finite element
method over the past several decades. However, modern numerical analysis techniques have
the added advantage of allowing the study of the interaction between microstructural material
properties and specimen geometry. For instance, information about the material structure at

the meso-level can be incorporated into the numerical model, as shown in Figure 1.
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Figure 1 Model calibration procedure with experimental and numerical methods
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The main objective of this study is the initial step of a long-term project to investigate
micromechanical fracture mechanisms in asphalt concrete using clustered discrete element
method in conjunction with a high-resolution image technique. The long-term goal is the
accurate prediction of laboratory and pavement fracture mechanisms and the development of
design method to consider the fracture mechanisms of asphalt materials. However, due to
time limitations, the integration of laboratory testing and numerical modeling is the focus of
this study. The approach used herein incorporates experimental testing, multi-scale numerical
simulation, image processing, and field performance. The micromechanical fracture
modeling approach used can be viewed as an early developmental step towards the “virtual
asphalt laboratory”, where simulations of laboratory tests and eventually field response and
distress predictions can be made to enhance our understanding of pavement distress
mechanisms, such as thermal fracture or reflective cracking. The DEM will ultimately be
used in multi-scale modeling, where global pavement response and local fracture behavior can

be considered in the same numerical simulation.
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2. Constitutive laws

2.1 Discrete element method

The discrete element method (DEM) originally developed by Cundall (1971) has proven to be
a power and versatile numerical tool for modeling the behavior of granular and particulate
systems, and also for studying the micromechanics of materials such as soil at the particle
level. Also, the method has the potential to be an effective tool to model continuum
problems, especially those that are characterized by a transformation from a continuum to
discontinuum. The DEM discretizes a material using rigid elements of simple shape that
interact with neighboring elements according to interaction laws that are applied at points of

contact.

The analysis procedure consists of three major computational steps: internal force evaluation,
in which contact forces are calculated; integration of equations of motion, in which element
displacement are computed; and contact detection, where new contacts are identified and
broken contacts are removed. In a DEM analysis, the interaction of the elements is treated as
a dynamic process that alternates between the application of Newton’s second law and the
evaluation of a force-displacement law at the contacts. Newton’s second law gives the
acceleration of an element resulting from the force acting on it, including gravitational forces,
external forces prescribed by boundary conditions, and internal forces developed at inter-
element contacts. The acceleration is then integrated to obtain the velocity and displacement.
The force-displacement law is used to find contact forces from known displacement. The
equations of motion are integrated in time using the central difference method. The method
can be computationally very demanding and thus, efficient algorithms, especially for the
internal force evaluations and contact detection, must be used. Computational effectiveness
will be particularly important for three-dimensional discretizations, the use of which is
inevitable for obtaining fully realistic and accurate models for many applications. In the
absence of damping, the DEM equilibrium equation at discrete time intervals for the system

of particles is following:

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. (1)

Where, M is the mass matrix, a is the acceleration vector, K is the stiffness matrix, Af'is the

incremental force vector, and Ax is the incremental displacement vector.

5
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The translational and rotational stiffnesses of a particle relate increments of force and moment

to increments of displacement and rotation via the matrix relations:

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. (2)

In a two-dimensional system, equation (2) can be expressed as:

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. 3)

The individual elements of this stiffness matrix can be expressed for a particular contact in
terms of the particle radius r, the contact normal vector n;, and the contact stiffnesses, i.e. K"
and K°. Again, equation (2) can be expressed with the terms in a standard FE frame work

from equation (4) to equation (7):

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. (4)

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. (%)

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. (6)

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. (7)

Where, {4f} are the incremental force vectors, [K] is the contact stiffness matrix, {ou} are the
contact displacements, {¢} are the contact strains, {o} are the contact stresses, [B] is the strain

matrix and [D] is the elasticity matrix.

The elements of the stiffness matrix represent primarily the normal and shear springs that are
present at the contact points. The stiffness matrix ([K]) changes during the analysis as
contacts are formed and broken. Discrete element simulations can therefore be classified as
non-linear, dynamic analyses. The principal difference between the available DEMs is the
time integration algorithm used to solve equation (1) (O’Sullivan and Bray, 2001). Equation

(2) 1s similar to the global equation considered in continuum finite element modeling.
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The constitutive models used in the current two-dimensional (2-D) clustered DEM application
consist of three parts: a contact stiffness model, a slip friction model and a bonding model.
The linear contact model is defined by the normal and shear stiffness k, and ks
(force/displacement) of the two contacting entities (ball-to-ball or ball-to-wall) acting in

series. The contact normal secant and shear tangent stiffness are given by:

Normal secant stiffness:

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. (8)

Shear tangent stiffness:

Fehler! Es ist nicht moglich, durch die Bearbeitung von Feldfunktionen Objekte zu
erstellen. 9)

The normal stiffness is a secant stiffness and it linearly relates the total normal force to the

total normal displacement.

Fehler! Es ist nicht moglich, durch die Bearbeitung von
Feldfunktionen Objekte zu erstellen. (10)

The shear stiffness is a tangent stiffness and it relates the increment of shear force to the

increment of shear displacement.

Fehler! Es ist nicht méglich, durch die Bearbeitung von
Feldfunktionen Objekte zu erstellen. (11)

The slip friction model is an intrinsic property of the two entities in contact (ball-to-ball or
ball-to-wall) that governs frictional sliding of unbonded or debonded particles (ITASCA,
2002). The slip and bond models describe the constitutive behavior governing the response of
particle contact points. The slip model is defined by the friction coefficient at the contact.
For bonded assemblies, if the applied force becomes larger than the maximum allowable
shear contact force, then slip is allowed to occur. The bond model allows particles to be
joined at contacts, which activates material stiffness in opening and shear. The constitutive
behavior for contact occurring at a point for the normal and shear components are given by
Figure 2(a). S" and S° are normal and shear bond strengths; F' is the frictional force. Figure

2(b) illustrates the calculation cycle. At the start of each time step, the set of contacts is
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updated from the known particle and wall positions. The force-displacement law is then
applied to each contact to update the contact forces based on the relative motion between the
two entities at the contact and the contact constitutive model. Next, the law of motion is
applied to each particle to update its velocity and position based on the resultant force and
moment arising from the contact forces and any body forces acting on the particle. Also, the

wall positions are updated based on the specified wall velocities.

Figure 2 Constitutive models and calculation cycle

(a) Constitutive Contact, Slip, and Bond Model

’ Applied Force ‘

Particles Contacts

Law of Motion Hooke’s Law « Update:
(F=ma) (F=kx) -
- Particles
- Wall Positions
- Particles: Resultant Force + Moment - Set of Contacts
- Contacts: Relative Motion, - Contact Force
Constitutive Law

(b) Calculation Cycle of Discrete Element Method

2.2 Cohesive softening model
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Dugdale (1960) and Barenblatt (1962) proposed cohesive models to investigate ductile and
brittle material fracture behavior, respectively. The cohesive crack concept was later
successfully extended by Hillerborg et al. (1976) to study nonlinear fracture processes in
Portland cement concrete. Furthermore, cohesive zone models (CZMs) have been used to
simulate the fracture process in a number of material systems under a variety of loading
conditions (static, dynamic, cyclic, etc). The two most noteworthy cohesive failure models
available in the literature are: the intrinsic potential-based model and extrinsic linear law
model. In the intrinsic approach, the failure criterion is incorporated within the constitutive
model of the cohesive elements. Failure is integrated into the cohesive law by increasing the
cohesive tractions from zero to a failure point at which the tractions reach a maximum before
gradually decreasing back to zero. In all intrinsic CZMs, the traction-separation relations for
interfaces are such that with increasing interfacial separation, the traction across the interface
reaches a maximum, then decreases and eventually vanishes, permitting a complete
decohesion. The main difference between CZMs lies in the shape of the traction-
displacement response. Bilinear CZMs can be described by two independent parameters.
These parameters may be two of the three parameters, namely the cohesive energy @, and

either of the cohesive strength onmay, or the separation/critical length .

Figure 3 Schematic concept of bilinear cohesive softening model
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An intrinsic general cohesive softening model (CSM) is implemented as a user-defined model
in the particle flow code (PFC-2D), which is in the form of a bilinear cohesive zone model
(Figure 3(c)). In general, the cracking of asphalt concrete can occur in any weak point within
the fracture process zone (Figure 3(a)) and the cohesive fracture concept at the crack tip can
be simplified as shown in Figure 3(b). Geubelle et al. (1998) utilized a bilinear CZM to
simulate spontaneous initiation and propagation of transverse matrix crack and delaminating
fronts in thin composite plates subjected to low-velocity impact. In Figure 3(c), Omax
represents the location of cohesive crack tip and Js., is the complete material separation or the
material crack tip, and o,y 1s the normal cohesive strength. Point B represents the starting
point of unrecoverable material degradation (or micro-crack initiation) and point C represents
the condition where a crack face has fully separated and has released the energy potential

associated with decohesion.

If the contact is in tension, the contact strength F,,. is calculated from the two strength
parameters (i.e. normal force, F"'. and shear force, F°.) as a function of the current orientation
of the contact force. It is assumed that contact strength varies as a linear function of the

angle @ :

Fmax :(1_2_a)chn +2_achs
T T

(12)

Where, a is the angle between the directions of contact force and the line segment connecting
the centers of particles. The yielding of bond in tension is determined by comparing the

resultant contact force, i.e., with the contact strength.

F=(F") +(F") )

The contact yields if the contact force is larger than the contact strength. In the present
fracture modeling approach, Mode I (i.e., pure opening) fracture behaviors are dominant in
both homogenous and heterogeneous specimen fracture simulations. However, unlike the
homogenous mode I simulation where shear separations are negligible, in the heterogeneous
material simulation, the meandering cracking activates a non-negligible amount of mixed-

mode interface behavior (crack opening and sliding).

In the case of yielding of contact bonds, the increment of contact displacements, 4 Ut (k=n, s),

can be decomposed into elastic and plastic contact displacement increments:

10
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AU" =AU + AU,

(14)
The force increment, AF¥, is a function of incremental elastic displacement only:
k _ prk k
AF* = KFAU! )
Where,
AUY = AU* - AU*
¢ g (16)

The elastic (or plastic) displacement increment can be determined using the consistency
condition (i.e., F' - Fyur = 0). In the softening portion of the model, the contact strength is a

function of the accumulated plastic deformation, as described by:

J=FHa- )
pmax (17)

p max

F'U, /U

Where,

U,=> AU, .

11
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3. Experimental tests

3.1 Single-edge notched beam test

Figure 4 llustrates a simply-supported, single-edged notched beam (SE(B)) with a length of
376 mm, a height of 100 mm and a thickness of 75 mm. A notch was then inserted with a
length of 19 mm, giving a notch to depth (a/H) ratio of 0.19. The depth of the notch was
selected to be long enough to ensure adequate stress intensity at the notch tip to initiate a
crack, but short enough to ensure a ligament of adequate length for test repeatability and to
prevent crack initiation under self-weight. The constant crack mouth opening displacement
(CMOD) loading rate, 0.7 mm/min, is imposed at the center of the top edge of the specimen
in order to predict stable fracture behavior. As shown in Figure 4, a clip-on gauge with a
range of 6.35 mm was used for measuring the CMOD. The CMOD gage was attached to the
beam using gage points that were glued to the edge of the notch. The test was conducted in a
temperature controlled environmental chamber capable of maintaining air temperature within
+0.2 °C.

Figure 4 SE(B) geometry and test configuration
P
Unit: mm
D
o
a=19
A, =
—{26] te2 | toz 26 - e

(a) SE(B) Test Geometry

12
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(b) Test Configuration and Clip-on Gage

3.2 Disk-shaped compact tension test

The main purpose for the development of the disk-shaped compact tension (DC(T)) test
specimen geometry was the ability to test cylindrical cores obtained from in-place asphalt
concrete pavements and gyratory-compacted specimens fabricated during the asphalt concrete
mixture design process for relevant fracture properties. The dimensions of the specimen were
determined by using the ASTM E399 Standard as a guideline. As shown in Figure 5(a) and
Table 1, the specimen diameter is 150mm and both cored hole diameters within the specimen
are 25mm. The width of the specimen (W) was 110 mm with the notch length (a) being 27.5
mm (a/W = 0.25). Therefore, the initial ligament length (W-a) was 82.5 mm. The thickness
(t) of the specimen was 50 mm. The dimensions noted in the figure were initially developed
for 9.5 mm NMAS mixtures, but has been successfully applied to 4.75 mm and 19 mm
NMAS mixtures. Figure 5(b) shows DC(T) test configuration and clip-on gage. The DC(T)
test is loaded in tension through the loading holes and is conducted with a constant CMOD

rate of 1| mm/min.

13
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Figure 5 DC (T) Specimen Geometry for Asphalt Concrete

(a) DC (T) Specimen Geometry  (b) DC(T) Test Configuration and Clip-on Gage

Table 1 DC(T) Dimension

Dimension mm

D 150
w 110
a 27.5
d 25
C 35
@ 25
t 50

14
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4. Material properties and image analysis

Two different mixtures (LR-19 and LR-9.5) were used with the same aggregate type
(dolomite limestone) from a local central Illinois source in USA. The materials used herein
are asphalt mixtures with 9.5mm and 19mm nominal maximum aggregate size (NMAS). The

aggregate gradation plot is shown in Figure 6. PG64-22 binder was used for both mixtures.

Figure 6 Aggregate gradations of asphalt mixtures with 9.5 mm NMAS
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One of the important procedures to make a heterogeneous fracture model is the image
processing to capture the real microstructure using high-resolution image scanning
(Resolution: 1600%1600, Pixel size: 0.016 mm) and user-defined program, which can detect
aggregate locations and shapes in asphalt mixtures. As illustrated in Figure 7 and Figure 8, a
digital image can be obtained from the specimen via scanning and projected onto a discrete
element mesh using Image-Pro Plus (Media Cybernetics, 2004) and a user-defined Excel
VBA program. Next, the holes which facilitate loading pins and the mechanical notch are
simulated by removing appropriate elements in the simulated specimen. DC(T) DEM
specimens which capture the sand-size (0.3 mm) and larger aggregate features of 19mm
nominal maximum aggregate size (NMAS) mixtures can be obtained with this technique.
Also, some of important information such as each aggregate area, aspect ratio, diameter and
perimeter, aggregate angle, and roundness can be obtained and analyzed to investigate the
sensitivity of microstructure on the fracture process.

15
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Figure 7 Image projection procedure of microstructure into DEM mesh

(a) Real Specimen Image

(d) Projected DEM Specimen (c) Aggregate Detection

Figure 8 Numerical and laboratory DC(T) specimen images

16
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(a) DEM Specimen Representation (Left) and Laboratory Specimen (Right)

(b) DEM mesh around a notched crack tip

Figure 9 schematically illustrates modeling approaches used for the heterogeneous cohesive
fracture investigation using PFC-2D. The asphalt concrete specimen was divided into three
phases: aggregate, mastic, and interface between aggregate and mastic. For the material
fracture properties, it was assumed that each phase has a material fracture behavior such as
linear elastic for aggregate, bilinear elasto-plastic for mastic, and bilinear elasto-plastic for
interface because of the softening of one side mastic. But the softening displacement of
interface is much smaller than that of mastic (Ince et al., 2003). As illustrated in Figure 9,
each phase requires an independent set of material parameters namely: Young’s modulus;
tensile strength, and fracture energy. Current experimental procedures limit the ability to
measure all of the required parameters, especially the interface parameters. A limited number
of experiments conducted on the aggregates, mastics, and mixtures, combined with typical
values obtained in the literature (Tschegg et al., 1995) allowed for the determination of most
material parameters (i.e., Young’s modulus, tensile strength, and fracture energy for both
aggregate and mastic). For the remaining parameters (i.e., tensile strength and fracture energy
for the interface between aggregate and mastic), calibration procedure was used to estimate
from assumed seed values. A sensitivity analysis was conducted to determine the effect of the
interfacial properties on the global fracture response. The goal of the sensitivity analysis was
not necessarily to match experimental results but rather to develop the understanding of the
effects of the interfacial properties. The details of sensitive analyses are beyond the scope of

this paper but can be found in author’s publications (Kim et al., 2008(a)).

17
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Figure 9 Multi-phase DEM geometries and assumed material properties
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5. Numerical results

5.1 Heterogeneous SE(B) modeling

Figure 10 represents the numerical heterogeneous model geometry and crack propagation
results. In this model, 149,922 particles with 0.25mm radius and 298,855 contacts are used
across the entire specimen and 61,717 particles and 105,236 contacts are used to model
aggregates; 88,205 particles and 158,042 contacts for mastic, and; 35,577 contacts are used at
the interfaces between aggregate and mastic sub-particles (Kim et al., 2008(b)). The material
parameters of aggregate and mastic were obtained from indirect tension (IDT) and dynamic
modulus tests (You, 2004). The material parameters of interface were assumed that they are
similar to the mastic. The fracture energies of mastic and interface were estimated and
calibrated based on the experimental fracture test data of mixture. The stress concentration in
the ligament along the expected mode I crack path is significant and many micro-cracks were
predicted in the process zone prior to crack propagation, as shown in Figure 10. Figure 10(b)
show many micro-cracks around an aggregate in the top of notched crack tip. From the
experimental tests and numerical simulations, the powerful potential benefits of DEM fracture
model can be discussed. The fracture of asphalt concrete has very different fracture
mechanisms due to the non-homogeneity in the specimen such as micro-cracking, crack
branching and deflection, crack face sliding, crack bridging, and crack tip blunting. The
micro-cracking phenomenon consumes a part of the external energy caused by the applied
load. Crack deflection occurs when the path of least resistance is around a relatively strong
particle or along a weak interface. Also, during the opening of a tortuous crack, there must be
some frictional sliding between the cracked faces that causes energy dissipation through
friction. Based on these mechanisms in the fracture of asphalt concrete, heterogeneous DEM
fracture model can have the ability to gain some insight towards fracture toughening

mechanisms in asphalt concrete.

19
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Figure 10 Heterogeneous DEM fracture model and representations of cracks

{b) Micro-cracks

(¢) Macro-crack

For the calibrated heterogeneous fracture simulation, the overall trend resembled the
experimental result as shown in Figure 11. Due to the presence of a large aggregate just
ahead of the simulated notch, the force was predicted to experience a sudden decrease before
the peak load but then was recovered. This phenomenon has been observed in experimental
trials, particularly when thin specimens with larger aggregates are tested. Thus, the 2D
model herein tends to exaggerate the effect of aggregates on the load-CMOD response,
especially when compared to experimental results obtained from specimens with larger
thicknesses-to-maximum-aggregate size ratios. Thus, the need for three-dimensional

modeling to accurately capture material heterogeneity is apparent.

20
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Figure 11 Experimental and numerical responses (9.5mm NMAS at -10 °C)
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The mixed-mode fracture in a pavement system is popular and significant due to the presence
of continuous dynamic and static traffic loads and environmental conditions including
temperature and moisture. Using the calibrated cohesive parameters and particle size
0.25mm, the mixed-mode problem was investigated herein using the SE(B) test with an offset
notch to create mixed-mode (i.e., mixed with Mode-I and Mode-II) crack propagation. The
shear parameters of fracture properties were the same with normal parameters. The offset
parameters, v, as defined in Figurel2, were 0.4, 0.5, and 0.55 resulting in offset lengths of 65

mm, 81 mm, and 89 mm from the middle of specimen.

Figure 12 Mixed-mode SE(B) geometry with offset notch

P
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Figure 13 shows the crack paths for the three beams, plus the standard SE(B) beam (y = 0).
Based on the test results, the critical offset was between y =0.5 and 0.55. Although only one
material was tested, the critical offset should depend on the material toughness and also on the
notch depth. Therefore, the study should be extended to investigate different materials and
notch lengths to provide a full experimental investigation. Figure 13(b) shows the numerical
failed beams with 0.55 notch offset and the crack propagation was progressed from the middle

of the specimen.

Figure 13 Experimental and numerical trajectories path with various notch offsets
0.0 ; Front
L '_: Back
Centerline
|
|
|
i |
A | «—> | O
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4 AN
N 7
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y=0.55

(a) Experimental crack trajectories

(b) Numerical crack trajectories (y = 0.55)
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For the beam with 0.4 notch offset, the macro-crack initiated with mode-I fracturing in but the
path quickly began to meander at an angle towards the loading point as the crack propagated.
Before crack initiation, inelastic effects at the crack tip in the notched region and in the
vicinity of the outer fiber of bending at the bottom of the mid-span of specimen are

simultaneously occurring (Figure 14).

Figure 14 Progressive crack initiation and propagation by numerical model (y = 0.4)

(a) Micro-Crack Initiation  (b) Macro-Crack Initiation (c) Crack Propagation

5.2 Heterogeneous DC(T) modeling

Heterogeneous DC(T) fracture simulations were done to verify the SE(B) results if the
predicted material parameters could be fitted into different test modes. The heterogeneous
cohesive fracture simulation of a 19mm NMAS mixture was comprised of a total of 38,721
discrete elements, each having 0.35mm radius forming 114,994 contacts in the horizontal
hexagonal packing arrangement. For the clustered DEM technique used in this study, the
microstructure was mapped upon a uniformly generated sheet of hexagonally arranged
circular elements.  The diameter of the discrete element was carefully selected so that
irregular geometrical features, such as aggregates, can be modeled by bonding a number of
elements together and assigning the proper material properties within the bonded clusters and
at the interface between aggregates and mastic. Various fracture mechanism related to
temperature and microstructure could be investigated by heterogeneous DEM fracture models
(Kim and Buttlar, 2005).
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Figure 15 Comparisons of experimental and numerical results at different temperatures

——LABat0C
—-o-- DEMat0C
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---4-- DEM at-10 C
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(a) Force vs. CMOD Curves at Different Temperatures

(b) Crack Trajectory at -10 °C (c) Crack Trajectory at 0 °C
Table 2 Heterogeneous DEM model parameters at different temperatures
9.5 mm NMAS Material Properties DEM Contact Properties
Young’s Tensile .
;l;ecn)lp erature Phase Modulus Strength (Sg}t;felrl)ess g\c/)llll)(i)Strength
(GPa) (MPa)
-10°C (B: 54mm) Aggregate 56.8 6.59 2.9 169
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82
74
169
69
63

Using more successful aforementioned image analysis, numerical simulations with the same

microstructure as experimental specimens were compared. Figure 16 and Figure 17 compare

the experimental and numerical results including crack path and trajectories, force vs. CMOD

curves, micro-cracks, and stress concentration in the fracture process zone area. The micro-

cracking of the DEM model occurred when the softening starts in the local model after

passing the material strength.

Figure 16 Crack trajectories and force vs. CMOD curves (19mm NMAS)

(i) Experimental Crack Trajectory

(ii) Numerical Crack Trajectory

(iif) Micro-Cracks

(a) A Comparison of Crack Trajectories and Micro-Cracks
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(b) Comparisons of Experimental and Numerical Results

Figure 17 Crack trajectories and force vs. CMOD curves (9.5mm NMAS)
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(i) Experimental Crack Trajectory

(iii) Stress Concentration

(ii) Numerical Crack Trajectory

(a) A Comparison of Crack Trajectories and Stress Concentration
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(b) Comparisons of Experimental and Numerical Results

An important finding from this exercise is that complete material separation just ahead of the
mechanical notch in the 150 mm diameter DC(T) specimen occurs only after peak load is
reached in the experiment. This suggests that the fracture process zone (FPZ) is relatively
large as compared to specimen dimensions, suggesting that linear elastic fracture mechanics
principles should not be expected to hold for HMA. The FPZ is a nonlinear zone
characterized by progressive softening, where the traction across the forming crack surface
decreases as separation increases. The different fracture toughening mechanisms of brittle,
quasi-brittle, and ductile materials are greatly influenced by the characteristics of the FPZ.
Since the FPZ consumes a substantial amount of the energy supplied by the applied load, the
presence of the fracture process zone 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 as a function of CMOD (and thus time)
were obtained from the DEM simulations. As shown in Figure 18, the extent of the softening
zone increased until well after crack initiation and then gradually decreased as the crack
propagated. Clearly, the softening zone 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
bending tests. Once again, the size of the fracture process zone is far from negligible, since at

times during the test it encompasses more than half of the eventual fracture ligament.
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Figure 18 Numerical progressive fracture process (19mm NMAS at -10 °C)
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6. Conclusions and discussions

A micromechanical fracture modeling approach has been employed to investigate various
toughening mechanism in the fracture of asphalt concrete. Using a high-resolution image
technique, the microstructure of asphalt mixture was obtained and directly considered in the
fracture modeling approach. Mode-I and mixed-mode fracture models were implemented,
simulated, and compared with experimental (DC(T) and SE(B)) test data to validate the
numerical results and to determine the material parameters using calibration procedure.
Numerical results matched well with experimental results, even in cases where different test

modes were simulated using the same multi-phase material parameters.

The heterogeneous fracture simulation demonstrated the potential usefulness of the approach
in the investigation of fracture mechanisms in asphalt concrete. A near-term application of
the discrete element modeling techniques presented is the ability to simulate several
laboratory tests, such as creep, stiffness, strength, and fracture, with essentially the same
material ‘fabric’. The simulation of numerous laboratory tests can be used to reduce the
amount of expensive and time-consuming experimental tests required for mechanistic-
empirical design and analysis programs. Some of works related to the specimen size
dependency and the rate-dependent fracture behavior were already done and have been
continuously investigating (Kim et al., 2009(a) and Kim et el., 2009(b)). Future work in areas
such as three-dimensional (3-D) image analysis using the x-ray tomography (Partl et al.,
2003), 3-D heterogeneous modeling; large-scale, e.g. pavement system modeling;
experimental determination of interface material properties; systematic or statistical modeling
of material defects and air voids; dynamic fracture modeling will lead to even more powerful

modeling capabilities.
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