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MICROMECHANICAL SIMULATION OF ASPHALT SAMPLES  

USING A FINITE ELEMENT NETWORK MODEL  

Qingli Dai1 
M. H. Sadd2 

ABSTRACT 

The micromechanical load transfer and failure of asphalt concrete samples are simulated using a finite 
element network model.  The load carrying behavior of such a material is strongly related to the local load 
transfer between aggregate particles, and this is taken as the microstructural response.  The model 
incorporates a network of special frame elements with a stiffness matrix developed to predict the load 
transfer between cemented particle pairs.  The stiffness matrix was initially created from an approximate 
elasticity solution of the stress field in a cementation layer between particles.  Continuum damage 
mechanics was then incorporated within this solution, leading to the construction of a micro-damage model 
capable of predicting typical global inelastic behavior found in asphalt materials.  The finite element 
micro-model was first used on samples generated from image analysis of actual asphalt material.  Using 
this scheme, simulation models of an indirect tension and a compression sample were generated from 
surface photographic data of actual laboratory specimens.  Simulation results compared favorably with 
experimental data collected on these samples.  An additional series of simulations were also conducted on 
numerically generated samples with systematic variation of particular microstructure.  These results 
provide comparisons of the effects of microstructure on the overall macro-response on asphalt samples. 

Keywords: Asphalt concrete, micromechanical modeling, finite elements. 

INTRODUCTION 
The micromechanical behavior of asphalt concrete has attracted considerable recent attention.  

Because of the complex heterogeneous nature of the material (including aggregates, binder and 
void space), the macro load carrying behavior depends on many micro-phenomena that occur at 
the aggregate/binder level.  Some important micro behaviors are related to binder properties 
including volume percentage, elastic moduli, inelastic/time-dependent response, aging hardening, 
microcracking, and debonding from aggregates.  Other microstructural features include 
aggregate size, shape, texture and packing geometry.  Because of these issues it appears that a 
micromechanical model would be best suited to properly simulate such a material.  Furthermore, 
micromechanics offers the possibility to more accurately predict asphalt failure and to relate such 
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behavior to particular mix parameters such as binder properties, aggregate gradation, and sample 
compaction.   

Recently, many studies have been investigating the micromechanical behavior of particulate, 
porous and heterogeneous materials.  For example, studies on cemented particulate materials by 
Dvorkin et al. (1994) and Zhu et al. (1996) provided information on the normal and tangential 
load transfer between cemented particles.  Applications of such contact-based micromechanical 
analysis for asphalt concrete behavior have been reported by Chang and Gao (1997), Cheung, et 
al. (1999) and Zhu et al.(2000). 

Numerical modeling of cemented particulate materials has generally used both finite (FEM) 
and discrete (DEM) element methods.  DEM studies on cemented particulate materials include 
the work by Rothenburg, et al. (1992), Chang and Meegoda (1993), Trent and Margolin (1994), 
Buttlar and You (2001), Ullidtz (2001) and Sadd et al. (1998).  In regard to finite element 
modeling, Sepehr et al. (1994) used an idealized finite element microstructural model to analyze 
the behavior of an asphalt pavement layer.  Soares, et al. (2003) used cohesive zone elements to 
develop micromechanical fracture model of asphalt materials. A particular finite element 
approach to simulate particulate materials has used an equivalent lattice network system to 
represent the interparticle load transfer behavior.  Guddati, et al. (2002) recently presented a 
random truss lattice model to simulate microdamage in asphalt concrete and demonstrated some 
interesting failure patterns in an indirect tension test geometry.  Bahia et al. (1999) have also 
used finite elements to model the aggregate-binder response of asphalt materials.  Mustoe and 
Griffiths (1998) developed a finite element model, which was equivalent to a particular discrete 
element approach.   

Damage mechanics provides a viable framework for the description of asphalt stiffness 
degradation, microcrack initiation, growth and coalescence, and damage-induced anisotropy.  
Continuum damage mechanics is based on the thermodynamics of irreversible processes to 
characterize elastic-coupled damage behaviors.  Chaboche (1988), Simon and Ju (1987) 
developed strain- and stress-based anisotropic continuum damage models, and Kachanov (1987) 
proposed a microcrack-related continuum damage model for brittle materials.  These models 
focus on the relation between damage and effective elastic properties.  With respect to asphalt 
materials, Lee et al. (1998) developed a viscoelastic constitutive model to study the 
rate-dependent damage growth and damage healing behaviors.  Sangpetngam et al. (2003) 
recently used a displacement discontinuity boundary element approach to simulate the cracking 
behavior of asphalt mixtures.  Papagiannakis (2002) employed imaging techniques to capture the 
asphalt concrete microstructure and conducted FEM studies for the viscoelastic response.  

This paper extends our previous finite element micromechanical modeling of asphalt concrete. 
Our model incorporates an equivalent lattice network approach whereby the local interaction 
between neighboring particles is modeled with a special frame-type finite element.  The element 
stiffness matrix is first constructed by using an approximate elasticity solution within the 
interparticle cementation between particle pairs.  Inelastic binder damage behaviors are then 
simulated by incorporating a continuum damage mechanics theory within the FEM model.  This 
theoretical formulation has then been implemented into the commercial ABAQUS FEA code 
using user-defined elements.  Our previous work Sadd, et al. (2001, 2003a,b) applied these 
modeling procedures on numerically generated asphalt samples with idealized microstructure.  
The current work explores the use of real asphalt samples to generate the numerical model used in 
the finite element simulation.  To capture the microstructure of real asphalt materials, numerical 
imaging models were generated from surface scans of actual asphalt specimens.  Using image 
processing, digital photographs of the sample’s surface microstructure provided numerical 
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information for curve fitting algorithms to determine idealized aggregate dimensions and 
locations.  Imaging models of indirect tension and compression specimens were generated for 
numerical simulation.  Comparisons were made of the overall sample behavior and the internal 
damage pattern between the imaging model and test specimen. Additional FEM simulations were 
conducted on idealized asphalt samples to investigate particular microstructural influences on the 
specimen’s behavior.  

MICROMECHANICAL FINITE ELEMENT MODEL 
Asphalt concrete is a heterogeneous cemented particulate material composed of aggregates, 

binder cement and air voids.  The load carrying behavior of such a material is strongly related to 
the local load transfer between aggregate particles, and this is taken as the microstructural 
response.  Our micromechanical model incorporates an equivalent lattice network approach 
whereby the local interaction between neighboring particles is modeled with a special frame-type 
finite element.  The element stiffness matrix is constructed by considering the normal, tangential 
and rotation behaviors between cemented particles, and this is accomplished using an 
approximate elasticity solution from Dvorkin et al. (1994) for the stress distribution within the 
cementation interface.  Details of the calculation of the various stiffness terms have been 
reported previously by Sadd and Dai (2001), and the final result is given by 

 
 

( ) ( )

( ) 


























+−+⋅⋅⋅⋅⋅

−⋅⋅⋅⋅
⋅⋅⋅

+−−−−+−+⋅⋅

−⋅
−−

=

2
121

2
2

2
2

2

2
121

2
2211

2
121

2
2

2
1

21

3

0
33

0
00

][

wwww
K

rK

rKK
eKK

wwww
K

rrKrKeKwwww
K

rK

rKKrKK
eKKeKK

K

nn
tt

tttt

nnnn

nn
ttttnn

nn
tt

tttttttt

nnnnnnnn

   (1) 

 
 
where hwKnn /)2( µ+λ= , hwKtt /µ= , λ and µ are the usual elastic moduli, andw h is the 
average cementation thickness and cementation width, r1 and r2 are the radial dimensions from 
each aggregate center to the cementation boundary, w1 and w2 are left and right width of 
cementation, and .  This procedure establishes the elastic stiffness matrix for 
each binder element, which is a function of the local material microstructure and binder moduli. 
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DAMAGE MECHANICS MODEL 

To simulate the inelastic damage behaviors observed in asphalt materials, continuum damage 
mechanics was incorporated within the inter-particle cementation model.  The damage stiffness 
matrix  can be expressed in terms of the initial elastic stiffness matrix  using 

continuum damage principles 
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and a damage tensor  is defined by considering the reduction of the effective area of load 
transfer within the continuum.  For the uniaxial inelastic response, the specific constitutive 
relation is taken as 
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where the material parameters 0ε and b are related to the softening strain and damage evolution 

rate respectively, 0σ is the material strength, and 000 /εσ bD = is the initial elastic stiffness.  

Using the damage stiffness definition from relationship (2), the incremental uniaxial damage 
stiffness and the damage scalar sD Ω become 
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where m is a material parameter related to the softening rate.  The corresponding incremental 
damage softening stiffness  and the damage scalar sD Ω  become 
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The uniaxial stress-strain response corresponding to this particular constitutive model is shown in 
Fig. 1 for the case of 2.0=oε , b = 5 and m = 1. 
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FIG. 1. Uniaxial stress-strain response for damage model 
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This damage modeling scheme was incorporated into the finite element network model by 

modifying the micro-frame element stiffness matrix given in Eq. (1).  Using the uniaxial relation 
(4), the incremental normal and tangential damage stiffness terms for the inelastic behavior can 
be written as 

 
( ) /( nn Uub
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and using Eq. (6) the corresponding incremental normal and tangential damage softening 
stiffnesses are given by  
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where and are the normal and tangential accumulated relative displacements and 

and  are the normal and tangential displacement softening criteria.  Thus the 
micro-frame element incremental damage stiffness matrix 

nu∆
∆

tu∆
nU∆ tU

[ ]sK  is constructed from Eq. (1) by 
replacing  and  with  and nnK ttK ( snnK ) ( )sttK . 

The initiation of binder softening behavior for tension, compression and shear is governed by 
softening criteria based on accumulated relative displacements between particle pairs 
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where  represent tension, compression and shear softening factors.  These criteria 

correspond to the average binder critical strength 
ttncnt ccc ,,

cσ .  Further damage behavior could include 

evolving microcracking leading to a separation or debonding between aggregate pairs.  In order 
to simulate such total failure, elements were given a binder failure criterion for tension, 
compression or shear based on the average failure strength fσ  

   

cff c σ=σ                                   (10) 

 
where cƒ is a failure factor related to the average failure strength in each behavior, and cσ  
indicates the average critical strength in the corresponding behavior.  The failure criteria for the 
uniaxial behavior is also shown in Fig. 1 with the case of cƒ = 0.03.  The failed elements still 
remain in the computation model, but their stiffnesses are very small and they carry very little 
load. 
 
IMAGE ANALYSIS OF ASPHALT SAMPLE 

In order to capture real asphalt concrete microstructure, simulation material models were 
generated using imaging analysis procedures from photographic data of actual asphalt samples.  
The MATLAB Image Toolbox, DIPimage Toolbox and Adobe Photoshop were used for the 
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image analysis.  Surface electronic images were digitally processed and sieved to determine 
aggregate geometry using a developed image processing code.  A least-squares curve-fitting 
routine was developed within MATLAB and used to numerically fit the best ellipse to each 
sieved aggregate.   

One example image model generation was conducted on a standard 102mm diameter indirect 
tension sample shown in Fig. 2.  A digital camera provided an electronic RGB image of the 
sectioned specimen, and this was converted to grayscale using Adobe Photoshop as shown in Fig. 
2(a).  Each grayscale pixel has a brightness value ranging from 0 (black) to 255 (white).  A 
threshold was applied to convert the original images to a binary (black and white), with white 
signifying the aggregates and black being the combination of binder, air void and aggregate fines 
that can not be captured by the grid (see Fig. 2(b)). The image size 102×102 mm was digitized to 
784×784 pixels, and this results in a 0.13 mm/pixel grid.  Next, segmentation techniques were 
applied to the binary image to ensure that neighboring aggregate pixels did not artificially connect 
together, see Fig. 2(b).  Aggregates were digitally sieved with 50-pixel area size, which lead to a 
sieving aggregate size less than 1mm.  Each sieved aggregate was then labeled and selected as a 
separate image, and its boundary pixels were extracted and stored in an array for the fitting 
routine.  A least-squares, ellipse-fitting algorithm was then incorporated to determine the “best” 
ellipse to represent each irregular aggregate geometry.  The fitted ellipse was generated for each 
sieved aggregate as shown in Fig. 2(c), and its geometry (center coordinates, size and orientation) 
were stored for use in the finite element model generation and simulation. 

(d) Image model(c) Sieved aggregates, 
least-squares fitting 

(b) Binary image (a) Grayscale image 

FIG. 2.  Image processing and model generation for indirect tension sample 

 Based on the ellipse parameters obtained from the image analysis, a computation model was 
generated using MATLAB as shown in Fig. 2(d).  Space between neighbor ellipses was 
maximally filled with cement binder.  Once the image asphalt sample was established, the finite 
element micro-damage model could then be implemented to conduct a loading simulation on the 
scanned sample.  A similar scheme was also used on a rectangular compression sample shown in 
the next section. 
 
DAMAGE BEHAVIOR SIMULATION ON SCANNED SAMPLES 

Simulations of an indirect tension and a compression sample were conducted on the scanned 
specimens.  To model the indirect tension simulation, a special contact boundary condition was 
imposed on aggregates in contact with the top and bottom loading plates (see Fig.3(a)).  The 
normal contact behavior was simulated by using very stiff elastic finite elements, and a small 
sliding displacement was allowed between the contact aggregates and the bearing plates to model 
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frictional behavior.  The x- and y-displacements of the bottom plate and x-displacement of top 
plate were fixed.  Sample loading was achieved by incrementing the y-displacement of the top 
plate.  Displacement controlled boundary conditions were also used for the compression 
simulation (see Fig. 4).  For this case the x and y particle displacements of the bottom layer and 
the x- displacements of particles on the top layer were constrained.  The y-displacement loading 
was incrementally imposed on particles of the top layer.   

The model assumes that there exists a continuous distribution of defects in the binder material.  
This defect field is taken to grow with the material deformation, and this results in a softening 
response of particular elements in the finite element network.  This softening behavior can affect 
the compression, tension and shear behavior of the element as per Eq. 8, and further softening 
will lead to binder element failure or fracture.  These image models were subjected to 
incremental loading, and during this process all elements were monitored for softening and failure 
behavior.  Fracture failure patterns and overall load-deformation behavior were compared in the 
indirect tension test and simulation as shown in Fig. 3.  Fig. 3(a) shows the actual damaged 
specimen from the laboratory test near the end of loading, while Fig. 3(b) illustrates the model 
fracture pattern in the last loading step by artificially removing the failed elements from the 
network.  There appears to be good agreement between test and simulation results for the 
fracture patterns in the central portions of the specimen.  The model load-deformation behavior 
also compares favorably with the test data as shown in Fig. 3(c).  For the compression test 
sample, a shear type fracture behavior was observed, see Fig. 4. The experimental result at the 
end of loading is illustrated in Fig. 4(a) while the model predicition is given in Fig. 4(b).  It again 
appears that the micro-frame damage model has good ability to predict the sample fracture 
behaviors. 
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FIG. 3. Fracture patterns and load-deformation behavior comparisons  
for indirect tension test 

 

(a) Damaged specimen of 
compression test 

(b) Model simulation with 
removal of failed element 

FIG. 4.  Fracture patterns in compression test and simulation 
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MICROSTRUCTURE EFFECTS ON ASPHALT MATERIAL DAMAGE BEHAVIOR 
Additional studies included a systematic investigation of the effect of particular 

microstructural parameters on model simulation results.  Typical asphalt microstructural 
parameters include aggregate gradation, shape, packing fabric, and porosity.  A series of model 
asphalt samples were generated and simulated with controllable microstructure variation in an 
effort to determine the effect of a particular microstructural variable on the material response.  
Numerical simulations were conducted on both indirect tension and compression samples, and 
two examples are shown in Figs. 5 and 6.   

Fig. 5 illustrates simulation results for three compression samples with different particle 
aspect ratios (minor/major axis) of 0.67, 0.8 and 1.0.  One actual model is also shown in the 
figure for the 0.8 aspect ratio case.  Model samples for theses cases had the same number of 
particles and elements, identical particle locations and mix percentages, and all samples had zero 
porosity.  The overall simulation response of load vs. sample deformation indicates that samples 
with smaller aspect ratios generate stiffer global behavior.  This appears to happen since the 
average binder element thickness decreases with decreasing particle aspect ratio, and a lower 
binder thickness will lead to higher stiffness based on our element equations.   

Fig. 6 shows indirect tension simulations on three different models with porosity values 
(1.1%, 4.6%, 6.7%).  The numerical samples were generated using different binder widths and 
this produces models of variable porosity.  The 4.6% porosity model is shown in the figure.  As 
in the previous case, other model micro-parameters such as particle number, size, shape, 
orientation and percentage were fixed.  As the model porosity deceases, the binder element 
width increases, and this produces a stiffer and stronger finite element model as shown in Fig. 6.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

2

4

6

8

10

12

C
om

pr
es

si
on

 F
or

ce
 (K

N
)

Compression Displacement (mm)

 Aspect Ratio=0.67
 Aspect Ratio=0.8
 Aspect Ratio=1.0

0 1 2 3 4 5 6
0

4

8

12

16

20

Ve
rti

ca
l F

or
ce

 (K
N

)

V ertica l D isp lacem ent (m m )

 Poros ity =  1 .1%
 Poros ity =  4 .6%
 Poros ity =  6 .7%

Porosity = 4.6%  Aspect Ratio = 0.8 
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CONCLUSIONS 
 Our previous micromechanical finite element model has been used to simulate the 
mechanical behavior of asphalt concrete samples.  Both indirect tension and compression 
samples have been investigated under typical laboratory loading conditions.  The finite element 
micro-model was first used on samples generated from image analysis of actual asphalt material.  
The image analysis scheme allowed a simplified model to be developed from the complex 
microstructure found in real materials.  Using this method, simulation models of an indirect 
tension and a compression sample were generated from surface photographic data of actual 
laboratory specimens.  Simulation results were then compared with experimental results 
conducted on the same specimens.  Comparisons between model and test data matched 
reasonably well.  Additional simulations were also conducted on numerically generated samples 
with systematic variation of particular microstructure.  These results provided comparisons of 
the effects of microstructure on the overall macro-response on asphalt samples. 
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