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ABSTRACT 
Cracking in the asphaltic layer of pavements has been shown to be a major source of distress in roadways. 
Previous studies in asphaltic mixture cracking have typically not considered the material heterogeneity. This 
paper presents the sequel of a study in which the binder and the aggregates were treated as distinct materials. In 
this paper, besides the consideration of the viscoelastic behavior of the bulk asphalt binder, a micromechanical 
viscoelastic cohesive zone model that introduces ductility at the crack tip has also been considered. The 
simulations performed are verified and calibrated from simple and conventional laboratory tests. The study 
investigates crack evolution under monotonic loading, even though the method outlined can be further developed 
for the investigation of asphalt mixture fatigue.  
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1. INTRODUCTION 
 

Cracking in the asphaltic layer of pavements has been considered to be a major source 
of distress in roadways. Many researches have studied progressive fracture in asphaltic 
mixtures mainly through experimental investigations (1,2). Some authors have used the 
Theory of Fracture Mechanics (TFM) as the basis for predicting crack growth in asphaltic 
mixtures, considering the material as homogeneous (3,4,5,6). The focus has typically been on 
the macro-scale with no consideration given to the mixture heterogeneity (7,8,9,10,11). 
Recently, the effect of heterogeneity has been studied in an attempt to separate the effect of 
each constituent on the mixture damage (12,13,14,15). Despite the improvement in the way 
the cracking problem in mixtures has been undertaken, the viscoelastic nature of the asphaltic 
material has not been considered (13,14,15,16) even though it is well recognized in the 
literature (9,10,11,17,18,19,20). Recent works by Kim and associates have shown the 
importance of considering the viscoelastic behavior of asphalt mixtures in fatigue and crack 
modeling (9,10,11,18,21,22). It is shown that the use of the theory of viscoelasticity produces 
more accurate results than an elastic approach. The work by Souza and Soares (23) shows a 
comparison of the pavement response when considering the viscoelastic behavior of the 
asphalt surface layer with respect to the response of an assumed elastic surface layer. 

As the bulk material behavior itself, fracture in viscoelastic media is also time and rate 
dependent (24,25,26,27,28). Basically, two approaches can be used in damage analysis of 
viscoelastic media: (i) the continuum damage mechanics approach and (ii) the 
micromechanics approach. Schapery and co-workers (18,29,30,31,32) have given the 
direction for crack and damage modeling in viscoelastic media through the use of the 
continuum damage mechanics. Recent research efforts by Allen and co-workers 
(27,28,33,34,35) have evolved to a new micromechanical model capable of predicting crack 
and damage evolution in viscoelastic materials, which has been incrementalized and included 
into a finite element code (35). 

The present study is a sequel to the work by Soares et al. (14) which considered an 
elastic approach for modeling cracking growth in heterogeneous asphaltic mixtures submitted 
to the Indirect Tension (IDT) test conditions utilizing the Finite Element Method (FEM). The 
goal of the present paper is to predict crack and damage evolution in asphaltic concrete (AC) 
mixtures considering the material heterogeneity, the viscoelastic behavior of the bulk asphalt 
binder and the time and rate dependence of damage evolution and crack growth by means of a 
micromechanical viscoelastic Cohesive Zone Model. The numerical results are then compared 
to experimental results obtained from the IDT test wherein monotonically increasing 
displacements are applied to the specimen. 

Even though only monotonic loading has been considered and applied to the IDT test 
herein, this approach is also capable of modeling fatigue behavior in asphaltic materials (36) 
since history dependence has been incorporated into the critical energy release rate through 
the use of a viscoelastic constitutive model for the traction-displacement relationship along 
the crack faces.  

It is important to note that this approach can account for variations in mixture makeup, 
such as particle size and shape, variations in asphalt cement content and properties, and their 
effect on the longterm fracture resistance of asphaltic pavements (14). A discussion of a 
multi-scale scheme that can utilize the approach outlined herein for predicting pavement 
response has been presented in (37). 
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2. BACKGROUND 
 
Mechanistic pavement design methods can prevent cracking by limiting tensile 

stresses at the bottom of the surface layer with a design criterion typically determined from 
laboratory experiments (38). Tensile strength and fatigue tests are commonly used to develop 
such criteria. However, pavements develop cracks in virtually all load bearing applications. A 
potentially more fruitful approach to pavement design would involve a mechanistic model 
that can predict the evolution of damage (void formation, microcracking) as a function of the 
input loads, geometry, and material properties.  

The approach taken herein treats asphaltic mixtures as a three phase material 
composed of a (i) viscoelastic asphaltic cement, (ii) elastic aggregates, and (iii) a slowly 
degrading viscoelastic zone that exists not only between the aggregate and the asphalt binder, 
but also within the asphalt binder that undergo load history induced fracture wherever there is 
sufficiently available energy for that. Details of this approach are described in Section 2.2. 
 
2.1. Crack Modeling in Asphaltic Mixtures 

 
The approaches most commonly used in fracture and damage analysis of viscoelastic 

media are the continuum damage mechanics approach and the micromechanics approach. The 
continuum damage mechanics is based on the so called internal state variables, which 
quantifies the damage within the assumed homogenous material and whose evolution is 
described by a phenomenological or semi-phenomenological model derived from laboratory 
or field observations. In this case, no internal boundaries are predicted in the model, but the 
internal variables account accurately for the energy dissipation due to crack propagation. A 
primary advantage of this approach is the significant saving in computational effort. The main 
studies in asphaltic mixtures with such an approach have been reported by Kim and associates 
using Schapery’s theories (9,11,18,21,22).  

In the micromechanics approach, however, the damage produced by evolving internal 
boundaries can be actually accounted for by means of some variation of fracture mechanics, 
such as cohesive zone models. An important aspect of the micromechanics approach is the 
selection of the Representative Volume Element (RVE). Recent research efforts by Allen and 
co-workers (27,28,33,34,35) have developed a micromechanical model capable of predicting 
crack and damage evolution in viscoelastic materials under both monotonic and cyclic 
loading, as outlined in the next section. In the current study, only monotonically increasing 
displacements are considered. However, research efforts in fatigue damage modeling in 
asphaltic mixtures are currently under development in Brazil. The main constraint for 
modeling fatigue damage evolution has been the computational effort necessary for 
calculating the damage evolution at several hundreds of load cycles. 

As pointed out in (9), in the analysis of composite materials, such as asphaltic 
mixtures, the micromechanics approach turns out to be more difficult due to the complexity of 
the microstructure and the interactions between the multitude of cracks that can develop and 
evolve within the body. New research tools have been developed on the micromechanics 
analysis of composites materials so that this shortcoming has been minimized (39,40). The 
work by Allen (39) outlines a method for utilizing the micromechanics approach in the 
analysis of composite materials. First, damage is analyzed using TFM at a dimension smaller 
than the scale of interest (on which failure of the roadway occurs). Assuming statistical 
homogeneity within the smaller scale, the damage in this scale can be transferred to the larger 
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scale through homogenization techniques. Homogenization principles have been used in 
several applications in composite materials (41,42,43). The advantage of the micromechanics 
approach is that the physical details, which occur at the smaller scale, are not lost, whereas 
they are not included at all when using the phenomenological models of the continuum 
damage approach. 
 
2.2. Micromechanical Viscoelastic Cohesive Zone Model  

 
In the approach used herein, TFM is utilized in order to predict energy dissipation due 

to damage evolution and crack propagation in the viscoelastic asphaltic mixture. The classical 
TFM, as described by Griffith (44), assumes that there was no plastic deformation in the 
material, or such deformation is negligible (Linear Elastic Fracture Mechanics – LEFM). The 
LEFM cannot be used to describe cracking in asphaltic materials due to a viscoelastic ductile 
zone that develops ahead of a crack tip (28). An alternative approach to the LEFM is based on 
the so called Cohesive Zone Model (CZM) first developed by Dugdale (45) and Barenblatt 
(46) for elastic materials. The model is considered to be cohesive because it assumes the 
existence of cohesive tractions acting in the fracture process zone ahead of the crack tips, thus 
removing the stress singularity at the crack tip. An advantage of the CZM is that it allows 
crack growth analysis from pre-existing cracks as well as from plain surfaces. Such a model 
has been used for modeling a multitude of ductile materials, including asphaltic mixtures 
(14,47). 

Another inviting feature of the CZM is that one can include history dependence into 
the critical energy release rate by assuming a viscoelastic traction-displacement relationship 
along the crack faces in order to allow fatigue modeling (48). Such a CZM was developed in 
(28) through the homogenization of an idealized viscoelastic damaged zone ahead the crack 
tip. This micromechanical viscoelastic damaged zone was represented by a Representative 
Volume Element (RVE) idealized as an assemble of cylindrical viscoelastic fibrils surrounded 
by air and homogenized to produce a damage dependent traction-displacement relationship 
for the viscoelastic cohesive zone, as follows: 
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where σf is the required stress level to initiate damage; EC is the relaxation modulus of the 
fibrils, assumed herein to be the same as that of the surrounding bulk material; α(t) is the 
internal damage parameter; and λ is the Euclidean norm of the damage zone opening 
displacements given by: 
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where δn, δr, and δs are the local coordinate components of the damage zone opening 
displacements, and *

nδ , *
rδ  and *

sδ  are empirical material length parameters. 
The internal damage parameter, α(t) in equation 1, represents the area fraction of 

voids with respect to the RVE cross-sectional area and is given by: 
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where Ak(t) is the cross-sectional area of the kth fibril and N is the number of fibrils in the 
RVE. 

Since the experiments required to determine the viscoelastic cohesive zone parameters 
are difficult to perform (49), it is simpler to assume a phenomenological damage law capable 
of expressing the decreasing fibril volume fraction. The damage law (equations 4a-c) used 
herein is based on that used in (28), which explicitly reflects time-effects through the time-
derivative of α(t) (overdot denotes a time derivative):  

1  and  0for       1 ≤≥= αλλαα && m         (4a) 
1or    0for       0 =≤= αλα &&          (4b) 

)(11 u&αα ≡            (4c) 
where α1 and m are material damage parameters. 

However, as experimentally observed in (18) and in the current paper, the evolution of 
damage in asphaltic mixtures is dependent upon both strain rate and time (loading duration). 
Therefore, in order to include strain rate dependence into equation 4a, the parameter α1 was 
assumed to be a function of the applied displacement rate u&  (equation 4c). 

Since, in general, equation 1 cannot be analytically integrated due to the nonlinearities 
included by equation 4, an incrementalized form of the traction-displacement relationship in 
equation 1 is desired in order to incorporate the CZM into a finite element code (28). Allen 
and Searcy (35) have developed such an incrementalized traction-displacement relationship 
based on the method previously outlined in (50). The resulting viscoelastic CZM was 
implemented in a computer code - SADISTIC (33) - using the CZ FEM formulation described 
in (51). The FEM formulation of this viscoelastic CZM is of major importance since the 
viscoelastic crack problem in composite materials has no analytical solution (33,34,51,52,53).  

In the numerical analysis of a material, the model parameters can be calibrated from 
laboratory tests under strain control. In other words, the parameters can be calibrated in such a 
way as to reproduce the force-displacement curve obtained from experiments. Such a 
procedure was used in (52) for modeling crack growth in Portland cement concrete in modes I 
and II, with the material assumed to be homogeneous and in (14) for modeling crack 
propagation in assumed elastic asphaltic mixtures considering material heterogeneity. Phillips 
et al. (53) used the same approach to model laminated composite materials. 
 
3. METHODOLOGY 
 

Firstly, two-dimensional finite element meshes were constructed from cross sections 
of sawn cylindrical specimens of asphaltic mixtures. This is a limitation given the three-
dimensional nature of the specimens. The procedure used for constructing the geometric 
models from mixture cross sections is described in (14). Since cracks tend to go around the 
aggregates at 25°C, the cohesive zone elements were placed at a predefined crack path that 
goes around the aggregates. However, it is important to say that this model can be further 
improved by embedding CZ elements throughout the finite element mesh. This could not be 
accomplished in the current study since an automatic procedure is necessary in order to 
embed so many CZ elements within such a highly refined mesh. Nevertheless, future work on 



Flávio V. de Souza, Jorge B. Soares, David H. Allen and Francisco Evangelista Jr. 
 

6

this model includes the development of a mesh generator capable of embedding CZ elements 
within the entire mesh. Figure 1 shows the finite element mesh used (the interface elements 
are in bold line). 

Then, numerical simulations of the IDT test assuming plane strain conditions were 
carried out by applying a monotonically increasing displacement in diametral compression 
and the numerical results were compared to the laboratory experiments. The tests were 
performed at displacement rates of 0.8, 1.6 and 3.2mm/sec, so that inertial effects could be 
neglected, and three samples were tested for each displacement rate. 

The aggregate mixture for the asphalt concrete (AC) follows Brazilian specifications 
(54) and has granite as the coarse aggregate. The nominal maximum aggregate size for the 
mixture was 12.5mm. The asphalt cement content was 7.0%, Va = 4.0% and VAM = 17.4%. 
The asphalt cement used is a PG 64-16 produced at the PETROBRAS refinery in Fortaleza 
from the Venezuelan Bachaquero crude. 

It is important to note that one cannot adequately model all the aggregates in the cross 
section, but there exists a minimum aggregate size that can be captured which depends on the 
digitizing and meshing scheme. For the present study, the minimum captured aggregate size 
was 3.5 mm. 
 
3.1. Material and Cohesive Zone Properties 

 
Although it is possible to consider the fines as a separate heterogeneous material by 

performing an analysis on a third smaller scale, the ensemble of the asphalt cement 
impregnated with filler and fine aggregates is considered to be a homogeneous material 
referred to as the binder, or mastic, herein. The aggregate elastic parameters are E = 
40,500MPa and ν = 0.20, which were assumed based on (55). The binder relaxation modulus 
was obtained based on frequency sweep tests in shear by assuming a constant Poisson ratio of 
0.30. The Prony terms of the binder relaxation modulus are given in Table 1. For the 
viscoelastic cohesive zone, it is assumed that its relaxation modulus is the same as that of the 
bulk binder. The required stress level for damage initiation, σf, was taken to be 0.50MPa for 
the binder-aggregate interface and 4.00MPa for the binder itself, for both tangential and 
normal directions. The damage parameter m for which the numerical analyses reproduce the 
experimental results was 0.10 and the parameter α1( u& ) was 0.5, 1.2 and 3.3 for the 
displacement rates of 0.8, 1.6 and 3.2mm/sec, respectively. Figure 2 presents a plot of α1 as a 
function of the applied displacement rates. The empirical material length parameters, *

nδ  and 
*
rδ  (for two-dimensional problems, only two local coordinate components of the damage zone 

opening displacements have to be considered) were taken to be 10cm (equal to the diameter of 
the specimen). 

Note that the material properties assumed may be verified by comparing the initial 
slopes of the experimentally and numerically obtained force-pseudo displacement curves (see 
Figure 5a), given that at low strain levels no significant damage has occurred, and force is 
linearly proportional to pseudo displacement (equation 5) (25). 
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∂
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where ER is the so-called reference modulus, herein taken to be equal to the initial modulus of 
29,549MPa. 

A sensitivity analysis with respect to the damage parameters for a single CZ under 
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monotonically increasing displacements can be found in (28). Figure 3 shows a sensitivity 
analysis with respect to the damage parameters for the IDT test conditions ( u&  = 0.8mm/sec). 
It can be observed that the damage parameters have a significant influence on the model 
performance. As shown in Figure 3, the higher α1 and the lower m, the lower is the energy 
dissipation in the system. 

Furthermore, due to the incrementalized form of the finite element CZM, the model 
accuracy is also dependent on the time increment. In the current study, convergence for 0.8, 
1.6 and 3.2mm/sec was achieved with a time step of 0.50, 0.25 and 0.1sec, respectively. 

 
4. RESULTS 
 

Figure 4a presents the experimental force-displacement curves of the controlled strain 
IDT test compared to the numerical results obtained utilizing the viscoelastic approach 
outlined herein (displacements are measured diametrically). Figures 4b-e show the predicted 
crack growth within the specimen for the displacement rate of 0.8mm/sec at selected points in 
the force-displacement curve. 

It is important to note that if one utilizes the same α1 calibrated for one displacement 
rate for the other displacement rates, agreement between experimental and numerical results is 
not achieved for these other displacement rates, indicating that, despite its dependence on the 
load duration, the evolution of damage in asphaltic mixtures is highly dependent on the strain 
rate, as pointed out in (18). For this reason, the parameter α1 was defined as a function of the 
applied displacement rate, as described in section 2.2. 

Figure 5a presents the force-pseudo displacement curves. Note that the material 
properties utilized herein are suitable since the initial slope of the experimental and numerical 
curves in Figure 5a are in agreement. Figure 5b shows the evolution of the averaged damage, 
which can be obtained by averaging the damage in the cohesive zone elements, with respect 
to the applied displacement. It can be observed that for a given displacement (strain) level, 
higher displacement rates induce more damage than lower displacement rates. 

On the other hand, the relationship between the averaged damage and the pseudo 
displacement, given in Figure 5c, indicates that for a given pseudo displacement level, the 
lower displacement rates induce more damage. This can be explained by the fact that, despite 
the rate effects which were already accounted for into the pseudo displacements, lower 
displacement rates give more time for the viscous mechanisms and microstructural damage in 
the cohesive zone to occur, thus producing larger damage for a given pseudo displacement 
(28).  

Nevertheless, it is important to note that, even though higher displacement rates take 
less time to achieve a given displacement, it was experimentally observed that higher 
displacement rates induce more damage for a given displacement, thus indicating that the 
strain rate effects on damage evolution are more pronounced than that of loading duration 
(time effects). These results are in agreement with those presented in (18). 

Finally, Figure 6 shows the predicted normalized normal tractions (Tn/σf
n) along the 

diameter of the specimen for the 0.8mm/sec displacement rate at selected times. It is 
particularly interesting to note the traction concentrations that occur at the binder-aggregate 
interfaces. Therefore, this model is capable of accounting for variations in mixture makeup 
such as particle size, shape and orientation. 

The results presented show the potential of the approach in predicting crack growth 
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and damage accumulation in viscoelastic media, such as asphaltic mixtures. It is important to 
note that, even though it has not been considered herein, this approach can also account for 
permanent deformation due to both binder viscous flow (by setting E∞ = 0) and viscoplastic 
behavior (by utilizing a viscoplastic constitutive model for the bulk binder).  

Furthermore, the approach outlined can be applied along with homogenization 
techniques in a multiscale scheme in order to predict asphalt pavement response in the actual 
structure subjected to mechanical and thermal loading. Thus, the analysis can be performed on 
different scales wherein the microscopic mechanisms, such as microcracking, damage 
accumulation and healing, can be evaluated at the smaller scales and included into the larger 
scale through homogenization principles. 
 
5. CONCLUSIONS 

 
Investigations in asphaltic mixtures have typically not taken into account the 

heterogeneity of the material at the scale of the aggregate and asphaltic cement. The paper 
herein presents the sequel to a study that attempts to address this issue by using a 
micromechanics approach to investigate crack growth in asphaltic mixtures. The improvement 
incorporated was the consideration of the viscoelastic behavior of the bulk asphalt binder and 
a micromechanical viscoelastic cohesive zone model capable of accounting for both damage 
evolution and crack growth in viscoelastic media through the introduction of ductility at the 
crack tip. The numerical results were compared to experimental results obtained from the IDT 
test wherein monotonically increasing displacements are applied to the specimen. Although 
the current study has considered crack growth only under monotonically increasing loading, 
the technique may also be applied to fatigue loading, which is the next step in this research 
effort.  

Although the results obtained herein are encouraging, further study, both theoretical 
and experimental, is required in order to extend (and validate) the damage evolution law to a 
more general rate, time (load duration) and temperature dependent evolution law. 
Furthermore, future work on this approach includes applications to different specimen, 
temperature and load configurations, such as beam fracture, cyclic loading, simple shear, 
uniaxial and general three-dimensional loading. 
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TABLE 1 Prony series terms for binder relaxation modulus 

i Relaxation modulus 
Ei (MPa) ρi (seconds) 

∞ 5.736E+01 - 
1 2.328E+01 1.098E+06 
2 3.456E+01 2.307E+04 
3 6.432E+01 1.056E+03 
4 1.625E+02 1.440E+02 
5 2.460E+02 1.300E+01 
6 6.082E+03 1.050E+00 
7 4.488E+03 1.500E-01 
8 5.947E+03 1.600E-02 
9 6.744E+03 2.900E-04 
10 5.700E+03 2.600E-05 
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FIGURE 1 Finite element mesh 
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FIGURE 2 Damage parameter α1 × applied displacement rate 
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FIGURE 5 (a) Force-pseudo displacement curves; (b) Averaged damage × applied 
diametral displacement; (c) Averaged damage × pseudo displacement 
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