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Abstract: A computational constitutive model was developed to predict damage and fracture failure of asphalt concrete mixtures. Complex
heterogeneity and inelastic mechanical behavior are addressed by the model by using finite-element methods and elastic- viscoelastic consti-
tutive relations. Damage evolution due to progressive cracking is represented by randomly oriented interface fracture, which is governed by
a newly developed nonlinear viscoelastic cohesive zone model. Computational simulations demonstrate that damage evolution and failure
of asphalt concrete mixtures is dependent on the mechanical properties of the mixture. This approach is suitable for the relative evaluation of
asphalt concrete mixtures by simply employing material properties and fracture properties of mixture components rather than by perform-
ing expensive laboratory tests recursively, which are typically required for continuum damage mechanics modeling.
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Introduction

Asphalt concrete mixtures are multiphased, particle-rein-
forced composites that consist of irregularly shaped and ran-
domly oriented aggregate particles embedded in an inelastic
matrix. Asphalt mixtures generally exhibit complicated me-
chanical behavior and multiple modes of damage. Although
precise identification and prediction of the inelastic damage
modes of the asphalt concretes is extremely difficult, it is im-
portant to seek out simpler approaches of predicting mechan-
ical behavior including damage characteristics of the mixture
in place of expensive and time-consuming laboratory experi-
ments where possible.

One of the well-known modeling approaches is via the
analytical /experimental continuum damage mechanics ap-
proach as presented in studies by Park et al. (1996), Lee et al.
(2000, 2003), and many others (Daniel and Kim 2002; Kim et
al. 2002; Masad et al. 2002; Chehab et al. 2003; Gibson et al.
2003; Tashman et al. 2004). Continuum damage models suc-
cessfully predict structural degradation due to damage, but
the models have limitations, since continuum damage mod-
eling essentially ignores the heterogeneity in asphalt compos-
ites and hypothesizes that all damage in the asphalt sample
can be averaged and represented by phenomenologically de-
fined internal state variables called damage parameters. The
damage parameters are phenomenologically determined by
matching damage evolution characteristics with laboratory
performance testing results typically through regression anal-
yses. Therefore, the continuum damage mechanics approach
requires that performance tests be performed wherever the
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mixture constituents are changed so that this approach may
not reduce the amount of laboratory testing significantly.

Recently, computational modeling has been actively pur-
sued as a means of overcoming the aforementioned short-
comings of continuum damage mechanics approaches, since
the computational technique can account for the effect of mix-
ture heterogeneity by dealing with mixture constituents sepa-
rately. Many studies —such as by Guddati et al. (2002), Papagi-
annakis et al. (2002), Birgisson et al. (2002), Sadd et al. (2003),
Soares et al. (2003) —have proposed computational techniques
to characterize cracking performance of asphalt concrete mix-
tures, but they do not account for either material viscoelastic-
ity or rate-dependent damage growth (including energy dis-
sipation due to cracking), which is a typical phenomenon in
asphalt concrete mixtures.

In order to model viscoelastic behavior including rate-de-
pendent damage evolution, an in-house three-dimensional fi-
nite-element program was developed in this study. Material
heterogeneity, geometric effects due to aggregate shape, and
inelastic mechanical behavior of the asphalt concrete mixtures
were incorporated in the finite-element model. The model can
simulate crack-associated interface fracture within the asphalt
mastic and along aggregate/asphalt boundaries. Interface frac-
ture was modeled using a newly developed nonlinear visco-
elastic cohesive zone model (Allen and Searcy 2000, 2001a,b).
Progressive cracking and corresponding rate-dependent dam-
age growth are thus included in the model.

Specific objectives of this study are:

e Develop a computational constitutive model capable of
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Figure I. General heterogeneous elastic-viscoelastic body containing
discrete cracks and crack propagation via cohesive zone model.

predicting material viscoelasticity and fracture damage of
heterogeneous asphalt composite mixtures;

* Evaluate rate-dependent damage behavior of asphalt con-
crete mixtures by implementing a micromechanics-based
nonlinear viscoelastic cohesive zone model into the com-
putational framework;

* Establish laboratory testing protocols to obtain model input,
including fundamental material properties (elastic and vis-
coelastic) and a fracture-based probabilistic damage evolu-
tion function; and

* Evaluate predictive accuracy and efficiency of the computa-
tional model by comparing model simulations to labora-
tory testing data and by performing property-dependent
mechanical analyses.

Elastic—-Viscoelastic Model Including Damage

Figure 1 is a schematic view of a general heterogeneous elas-
tic- viscoelastic body containing discrete cracks and potential
paths of crack propagation. Assuming that the body represents
asphalt concrete at room temperature, constitutive relations
within the body can be simply represented by combining an
elastic model of the coarse aggregate particles and a viscoelas-
tic model of the asphalt matrix that is composed of asphalt
mastic (asphalt cement mixed with a filler), fine aggregate par-
ticles, and air voids. The linear elastic constitutive relationship
for the coarse aggregate particles can be expressed as

ot (xpt) = ct el (xp )

i ik €k in volume V, 1)

where Uf. (x,t) = elastic stress as a function of time and space;
e, (x,f) = elastic strain as a function of time and space; Ci.kl
! L. . 7

= elastic modulus which is constant; x, = spatial coordinates
within the body; t = time of interest; and V. = volume fraction
of elastic aggregates.

Similarly, the constitutive behavior of the asphalt matrix
can often be represented by the following linear viscoelastic
(VE) convolution integral:

VE ' VE 58kV/E(xks§)
o (xet)= | Ciglt- E)Tdﬁ in volume V.. (2)
0

VE . . . .
where ¢ . (x,,t) = viscoelastic stress as a function of time and
space; £ . (x,,t) = viscoelastic strain as a function of time and
space; C ju = stress relaxation modulus which is time-depen-

dent; § = time-history integration variable; and V,; = volume
fraction of viscoelastic asphalt matrix.

The process or damage zone that precedes the crack tip re-
flects the constitutive behavior of the material in the damage
zone caused by small-scale damage accumulation. This be-
havior can be modeled in many different ways, and one of the
well-known approaches is to use a cohesive zone, as illustrated
in Figure 1. Cohesive zone models are well-established tools
in classical fracture mechanics that have been developed to re-
move stress singularities ahead of crack tips and to improve
predictions of crack tip advancement in viscoelastic media.

The concept of a cohesive zone was first proposed by Dug-
dale (1960) and Barenblatt (1962). They postulated that there
are certain regions preceding crack tips where nonzero trac-
tions could be specified to inhibit crack tip advancement. How-
ever, Dugdale’s model is not applicable to a broad range of ma-
terials, since the cohesive zone model is defined by constant
traction ahead of the crack tip with a value equivalent to that
of the yield stress of the surrounding bulk material. Most mate-
rials demonstrate nonlinear and inelastic complex traction-dis-
placement behavior at the crack tip. In 1987, Needleman used
a potential function and developed a constitutive model for a
cohesive zone in which the tractions were described in terms
of the normal displacement difference across the cohesive in-
terface. Following Needleman’s work, Tvergaard (1990) devel-
oped a cohesive zone model in the form of a cubic traction-dis-
placement relation based on a nondimensional displacement
parameter with decohesion that is dependent upon both nor-
mal and tangential interfacial displacement differences. The co-
hesive zone models by Needleman (1987) and/or Tvergaard
(1990) can predict the development of new surface areas in the
body due to cracking, but they are somewhat inappropriate for
modeling crack growth and fracture failure of asphalt concrete-
type mixtures, since the Needleman and Tvergaard models are
neither history dependent nor rate dependent. It is well estab-
lished that asphalt mixtures are time-, history-, and rate-depen-
dent viscoelastic. Damage evolution behavior of the asphalt
mixtures is extremely complicated. Consequently, an analyti-
cal approach to solve the viscoelastic problem associated with
crack growth is perhaps not feasible.

In an attempt to simulate damage growth due to cracks in
viscoelastic media, Allen and Searcy (2000, 2001a,b) recently
formulated a nonlinear, viscoelastic cohesive zone model
based on micromechanics. This model can reflect nonlinear
viscoelastic damage growth and is appropriate for predict-
ing damage evolution, corresponding material softening, and
eventual fracture failure of highly inelastic asphalt concrete
mixtures. Therefore, the writers selected the Allen and Searcy
model to simulate damage growth. The three-dimensional
traction-displacement relationship for the nonlinear viscoelas-
tic cohesive zone (CZ) model is as follows (Allen and Searcy
2000, 2001a):

0 PGl
Ti(t)=)\(t) Y [1-a(n] fOE(t—E) PP dg
on boundary 0V, 3)

where i = 1 (normal direction), t (tangential direction), or r (ra-
dial direction); T; = cohesive zone traction; u; = cohesive zone
displacement; 8, = cohesive zone material length parameter;
\(f) = cohesive zone strain = {[u,(£)/8, 1> + [u,(t)/5,1* + [u,(t)/
8,12/*; a(t) = microscale damage evolution function; E¢(f) =
stress relaxation modulus of the cohesive zone; and 9V, =
internal boundary representing cohesive zone. The material
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Figure 2. Schematic of fracture testing to define cohesive zone frac-
ture properties.

length parameter (8, in the cohesive zone model [Equation
(3)] typically reflects a length scale intrinsic to the scale of the
damaged zone. The length scale parameters are often consid-
ered critical relative displacements in the cohesive zone when
the complete separation of the cohesive zone occurs. Progres-
sive nonlinear damage is characterized by the damage evo-
lution function a(f). When o(t) reaches the value of unity in
Equation (3), the crack face traction decays to zero, thus result-
ing in crack extension.

The damage evolution function can be experimentally de-
termined by performing small-scale fracture tests to represent
a locally averaged cross-sectional area of damaged material
in a cohesive zone. In 2001, Williams developed such a test-
ing method that monitors crack tip propagation represented
by variation of fibril geometry in the cohesive zone. Figure 2 is
a schematic of the fracture testing protocol developed by Wil-
liams (2001). As can be seen in Figure 2, continuous fibril de-
velopment and cohesive zone growth due to damage are cap-
tured using image techniques, and geometric variation of the
material fibrils (length, size, and width of each material fibril)
is monitored by pixel counts in the image analysis. By assum-
ing the geometry of each fibril as a right circular cylinder, and
that the distribution of fibril radii in a whole cohesive zone
is governed by a normal distribution, the probabilistic distri-
bution of fibril radii can be expressed by (Allen and Searcy
2001b)

—{r=r[1-v\()]}
202

1
Jr@0).¢]= on P

where f[r(t), {] = normal distribution function of fibril radii;
r(t) = average value of fibril radii at time t; = standard devia-
tion of fibril radii (assumed to be independent of time); r* = av-
erage value of initial fibril radii; and v = Poisson’s ratio of fi-
brils (assumed to be independent of time). Figure 3 illustrates
a graphical depiction of Equation (4). As damage evolves, the
average fibril radius and distribution curve correspondingly
move to the left, because all fibrils become thinner. The dis-
tribution curve eventually passes a boundary that is marked
as a critical fibril radius, 7. The area under the distribution
curve and left of the critical fibril radius represents the mea-
sure of fibril breakage or damage. This leads to the following
expression for the experimentally determined damage evolu-
tion function (Allen and Searcy 2001b)

” [_{r_ P[1 = oA ]
-—— | exp 5 dr
2w, 2L

®)

a(n) =1

where r_ = average value of critical fibril radii.

average fibril radius decreases and
correspondingly, damage level

area increases, as fracture testing
represents continues.

amount of <

damage

Distribution of fibril radii, f

itical fibril radi . .
eritical fibril radius Average fibril radius, r

Figure 3. Probabilistic distribution of fibril radii.

Finite-Element Formulation

In Equations (2) and (3), the viscoelastic constitutions for
the asphalt matrix phase and cohesive zones are expressed as
time- and history-dependent convolution integrals. In an at-
tempt to place the viscoelastic constitution into a computa-
tional finite-element model, it must be incrementalized so that
the history dependence is retained at each time step. A more
detailed description of the numerical implementation for vis-
coelastic media can be found in a study by Zocher et al. (1997).

Assuming that primary state variables (stress, strain, and
displacement) at time ¢ are known, and the state variables at
time t + At are evaluated, the finite-element model can be for-
mulated based on a time-incrementalized numerical scheme.
Applying the strain-displacement operator, {Ae} = [B] {Au},
and the displacement-shape function relation, {Au} = [N] {AU]},
the resulting finite-element formulation for the elastic-visco-
elastic asphalt concrete sample including cohesive zone frac-
ture is presented in matrix form as

[KRAUG =/} + U + U5+ + 50 ©)

where

[K]= j [BY[CI[BlaV + f [NTTKIINds )

{f‘[}=f [NV[T(t + At)]dS ®)
S(,
ot =- J [B]'[o(1)]dV 9
\%4
= f BYTAGK]d (10)
\%4

{fi=- j [NT'[T(1)]dS 11)
S,
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Figure 4. Four-element uniaxial bar (a) without and (b) with cohesive
zone interface element.

== f [NT'TAT®]dS (12)
S,

In the above equations, [K‘] = element stiffness matrix in-
cluding the effects from cohesive zone elements; and { fel},
{ f;}, {f ;}, {f Z}, and { f;} = contributions to the element force
vector due to externally applied surface tractions [Equa-
tion (8)], stresses at the previous time step [Equation (9)], re-
sidual stresses during the time step [Equation (10)], cohesive
zone tractions at the previous time step [Equation (11)], and
residual cohesive zone tractions during the time step [Equa-
tion (12)], respectively. The second term in the element stiff-
ness matrix and force vector terms, { f Z} and {f 65}, are excluded
if the cohesive zone elements are not specified in the body. The
terms { f;} and { f65} represent viscoelastic characteristics from
viscoelastic solid elements (asphalt matrix) and viscoelastic co-
hesive zone elements (asphalt mastic), respectively. After as-
sembling every element, the total global system of equations
can be obtained.

Validation of Finite-Element Code

The finite-element code developed in this study can be val-
idated by simply comparing computational results from the fi-
nite-element code to analytical results obtained from simple
problems that are easily solvable. The problems to be analyzed
for verifying the finite-element code are shown in Figure 4. The
first problem, a simple linear viscoelastic four-element uniaxial
bar illustrated in Figure 4(a), was analyzed in an attempt to ver-
ify the finite-element code wherein the material viscoelasticity
is included without damage. The simulation was performed at
a constant strain rate of 0.05/s with viscoelastic material prop-
erties shown in Table 1. A relatively simple and arbitrarily de-
termined linear viscoelastic stress relaxation modulus was
used, since this problem is merely for code validation. Analyt-
ical linear viscoelastic stresses can be calculated and compared
to the computational results from the finite-element analysis. As
shown in Figure 5(a), the finite-element prediction and analyti-
cal solution are identical. Good agreement between the two re-
sults infers that the finite-element code was developed appro-
priately in terms of material viscoelasticity.

The second problem, a simple linear elastic four-element
uniaxial bar demonstrated in Figure 4(b), was analyzed to
verify the finite-element code when the viscoelastic cohesive
zone is implemented to predict damage development. As can
be seen in Figure 4(b), the cohesive zones are modeled by

Table 1. Model Properties for Code Validation

Parameter Model properties
(a) Elastic element
v 0.15
E 55.20
(b) Viscoelastic element (solid and interface)
v 0.40
Ew 1,000.00
El 4,000.00
nl 4,000.00
(c) Interface element (fracture parameters)
8(5,=9) 1.00000002
r0 0.0002000
Ter 0.0001154
g 0.0000567

2 Arbitrarily assumed for validation.

employing an interface element between two solid elements.
In Figure 4(b), a horizontal interface element is placed between
two triangular elastic solid elements, and cohesive zones are
employed at both ends of the interface element. A uniax-
ial strain rate of 0.05/s is applied at the top of the bar for the
damage-induced simulation. Elastic properties for the triangu-
lar solid elements and viscoelastic properties for the cohesive
zone interface element are given in Table 1.

3000
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2500 — _FEM
@ 2000
£
»
o 1500
=
8
> 1000
<
500
0
0 10 20 30 40
Time (sec)
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1000
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Figure 5. Comparison between analytical solutions and finite-element
analysis results to validate code in terms of (a) material viscoelasticity;
(b) cohesive zone damage and failure.
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Figure 6. Asphalt concrete sample and its finite-element modeling.

Fracture properties (average values of initial and critical fi-
bril radii, time-independent standard deviation of fibril ra-
dii, and cohesive zone material length parameters) used to de-
fine the probabilistic damage evolution function, a(t), are also
shown in Table 1. Analytical cohesive zone tractions due to
nodal displacements can be calculated and compared to com-
putational results. Verification of the code can be confirmed by
matching the computational finite-element simulation with the
analytical solutions. Figure 5(b) demonstrates that the finite-el-
ement predictions and the analytical solutions converge as the
time step is reduced. It can be concluded that the damage-in-
duced finite-element code has been developed appropriately.

Finite-Element Model for Asphalt Concrete

Figure 6 illustrates a digital image of an asphalt concrete
mixture (0.05 m by 0.05 m) and its finite-element mesh. As
can be seen in Figure 6, the asphalt mixture for finite-element
modeling exhibits two distinct phases: coarse aggregate parti-
cles and a black asphalt matrix phase that is a composite of as-
phalt cement, fine aggregates, mineral fillers, and air voids. It
is widely accepted that damage and fracture of the overall as-
phalt concrete mixture are predominately impacted by the qual-
ity of the asphalt matrix phase, especially at room temperature.
The damage initiates with microdamage such as microcracking
in the matrix. Based on this fact, the present writers (Kim et al.
2005) modeled damage evolution in the asphalt matrix, in a pre-
vious study, by introducing an elastic particle phase (Phase No.
1) signifying fine aggregate and nonlinear viscoelastic interfaces
(Phase No. 2) surrounding the particles signifying the asphalt
mastic. They measured material properties and fracture proper-
ties of the asphalt mastic and incorporated the measured funda-
mental properties into the finite-element model.

This study models heterogeneous asphalt concrete mixtures
with three phases: coarse aggregate particles, the surround-
ing black phase or asphalt matrix, and the cohesive zone phase

| asphalt
matrix
sample

Figure 7. Compacted asphalt matrix sample mounted in the testing in-
strument to estimate linear viscoelastic material properties.

within the asphalt matrix and along matrix/particle boundaries
to signify damage evolution due to crack growth. Coarse aggre-
gate particles and the surrounding asphalt matrix were modeled
as isotropic elastic [Equation (1)] and isotropic linear viscoelas-
tic [Equation (2)], respectively. The cohesive zones, which are
subjected to damage and fracture due to cracking, were mod-
eled by employing interface elements, as shown in Figure 6. A
constitutive law governing mechanical behavior of the cohesive
zone is represented by the traction-displacement relation in
conjunction with damage evolution characteristics, as presented
in Equations (3) and (5). A number of interface elements were
randomly oriented in the sample to simulate crack initiation
and propagation. Nonlinear viscoelastic damage and failure of
the sample due to cracking are modeled by the third phase, co-
hesive zone interface elements, while coarse aggregate particles
and the surrounding asphalt matrix phase are modeled as linear
elastic and linear viscoelastic, respectively.

Figure 6 also shows boundary conditions imposed on the
mesh. A constant uniaxial tensile displacement rate U, =U,
t H(t) is applied to the top face. The constant U, = unit dis-
placement and H(t) = Heaviside step function. Vertical dis-
placements at the bottom face and horizontal displacements
at the left side of the sample are constrained. The creation of
a new boundary within the sample due to cracking is moni-
tored through the cohesive zone interface elements in accor-
dance with Equation (3).

Model Properties of Asphalt Concrete

As noted in Equations (1)-(5), fundamental material prop-
erties of each phase (linear elastic coarse aggregate particles,
linear viscoelastic asphalt matrix, and linear viscoelastic co-
hesive zone interfaces), and cohesive zone damage/fracture
properties (average values of initial and critical fibril radii,
standard deviation of fibril radii, and cohesive zone material
length parameters, etc.) are model inputs required to perform
finite-element-based analyses.

An elastic modulus of 55.2 GPa and a Poisson’s ratio of
0.15 were used for isotropic elastic material properties for the
coarse aggregate particles. Viscoelastic material properties of
asphalt matrix were determined by performing dynamic fre-
quency sweep testing. An asphalt mastic was mixed with fine
aggregates such as Ottawa sand to form cylindrical asphalt
matrix samples 50-mm long with a 12-mm diameter. The com-
pacted asphalt matrix sample was then mounted in the testing



CoMPUTATIONAL MoDEL FOR DAMAGE AND FAILURE OF AsPHALT CONCRETE MIXTURES 107

instrument as shown in Figure 7. To determine linear visco-
elastic material properties, a torsional dynamic strain (0.007%),
which is low enough not to cause damage, was applied to
the compacted asphalt matrix sample with varying frequen-
cies from 0.01 to 10 Hz at several different temperatures (10,
25, and 40°C). The frequency-temperature superposition con-
cept was applied to obtain a long-term frequency-domain lin-
ear viscoelastic master curve of the matrix sample. Data plots
relating modulus and frequency require curve fitting to iden-
tify the linear viscoelastic properties. Among many curve-fit-
ting techniques, the Prony series representation has been fre-
quently adopted because the Prony series fits the data quite
precisely and is more efficient for use in mathematical opera-
tions. Prony series representations (Christensen 1982) of stor-
age and loss modulus as a function of frequency are

(13)

G.wp:
G'(0) =2 5 (14
iz 0P +1

where G'(®) = storage shear modulus; G"(®) = loss shear mod-
ulus; G = long-time equilibrium shear modulus; G; = re-
gression constants; p; = relaxation times; @ = frequency in ra-
dian; and n = number of dashpots in the generalized Maxwell
model. The frequency domain master curve was then con-
verted to the time domain relaxation modulus, because the lin-
ear viscoelastic constitution [Equation (2)] is represented as
a function of stress relaxation modulus. If parameters from a
Prony series representation are determined from the dynamic
frequency sweep test, static relaxation moduli as a function of
time can be determined by the following equation:

n
G(t) =G+ D, G (15)
i=1
where G(#) = static shear relaxation modulus. As can be seen in
Equation 15, the static relaxation modulus is easily formulated
by using the material parameters G, G, , and p; , which are
determined from linear viscoelastic dynamic frequency sweep
testing. A more detailed description of sample fabrication and
torsional dynamic testing protocol can be found in a study by
Kim et al. (2003).

Similarly, the linear viscoelastic material properties of co-
hesive zone interfaces (asphalt mastic —not including fine ag-
gregates) were measured using a dynamic shear rheometer
(DSR). A disk-shaped DSR specimen (2-mm high with an 8-
mm diameter) was placed between two plates of the DSR, and
a constant shear stress that is sufficiently small not to cause
any nonlinear damage, then applied to determine linear visco-
elastic creep behavior. Long-term creep behavior of the spec-
imen was determined by applying the time-temperature su-
perposition concept with individual isothermal creep data at
three temperatures: 10, 31, and 40°C. The individual creep test
at each temperature was performed to measure data starting
from 0.01 to 1,000 s. A master shear creep curve at 25°C was
then fitted by a Prony series representation as shown below

J)=d,+ 2 T (1= e™™) (16)
k=1
where J(t) = shear creep compliance; ], = initial compliance; |,

= regression constants; A, = retardation time; and m = number
of dashpots in the model. It is necessary that the Prony
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Figure 8. Linear viscoelastic stress relaxation moduli of asphalt mas-
tic and asphalt matrix.

series representation from the DSR creep test be numerically
changed to the Prony series relaxation function, because the
viscoelastic traction-displacement relation [Equation (3)] in
the cohesive zone is represented as a function of stress relax-
ation modulus. Among several candidate techniques, the La-
place-transform domain was selected in this study to establish
the interconversion from compliance to modulus. The well-
known identity between modulus and compliance associated
with the Prony series representation in the Laplace domain is

Gls)I(s) =1 (17)

where s = Laplace variable

n

ey 0.G-
G(s) = G+ >, 2L (18)
o spit1
and
J(s)=J +2 I (19)
¢ k=1 S)\k+ 1

When the creep function constants |, J,, A, are known and the
target time constants p, are specified, relaxation function con-
stants G, G, in Equation (18) can be determined simply by
solving the resulting system of linear algebraic equations. The
determined relaxation function constants and the target time
constants finally define the viscoelastic relaxation behavior of
cohesive zone interfaces (asphalt mastic) through Equation
(15). Figure 8 illustrates the resulting shear stress relaxation
moduli as a function of time for the asphalt matrix and asphalt
mastic, respectively.

Damage/fracture properties of cohesive zone interfaces
are characterized by performing fracture tests. In this study, a
tensile fracture testing protocol developed by Williams (2001)
was used to monitor damage evolution and to define cohesive
zone model parameters of the asphalt mastic. Continuous fi-
bril development and cohesive zone growth due to damage
were captured using an optical microscope and analyzed by
producing video images. The width (or radius) of the fibrils
was tracked by pixel counts in the image analysis so that the
probabilistic damage evolution function [Equation (5)] could
be defined based on the real measurements of initial and criti-
cal asphalt fibril radii. The material length parameter can also
be obtained from a fracture test, however, exact measurements
of the critical displacements at complete separation of the co-
hesive zone are very difficult with the current fracture testing
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Table 2. Fracture Properties of Asphalt Mastic

Fracture properties

Parameter of asphalt mastic (m)
8(5,=9) 0.0002308
r0 0.0002000
T 0.0001154
¢ 0.0000567

device, because film thicknesses of asphalt mastic samples are
inevitably thicker (approximately 1 mm) than film thicknesses
(approximately 10-20 pm) observed from typical asphalt con-
crete mixtures. Due to this fact, the material length parame-
ter was determined from a calibration process to match model
predictions to actual behavior of global asphalt concrete mix-
tures. This limitation needs to be overcome so that all required
model inputs addressing fracture of the asphalt sample can be
directly obtained from the fracture test. Several advanced fea-
tures including an automatic sample geometry control system
are now being installed as an upgrade to the current fracture
testing device. Table 2 summarizes the fracture/damage prop-
erties of the asphalt mastic used in this study.

It should be noted that only fundamental material prop-
erties and fracture properties of each mixture component are
necessary inputs in the computational model developed in this
study. Therefore, this approach offers time and cost savings in
investigating competing material components compared to ex-
pensive and repetitive laboratory tests on bulk asphalt con-
crete samples.

Model Simulations and Discussion

In this section computational results are presented and
compared to laboratory testing data. Efficiency in predicting
damage in asphalt concrete mixtures through computational
techniques is discussed, and the sensitivity of the mechanical
damage response of the asphalt concrete mixtures depending
on material properties is also investigated.

Damage-induced computational simulations of asphalt
concrete mixtures subjected to monotonic tensile displacement
were performed and are presented in Figure 9. In order to in-
vestigate the rate-dependent nature of asphalt samples, two
different strain rates, 0.0004/s and 0.0016/s, were applied.
As shown in Figure 9, the material response stiffens with

1000
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—o— Simulation_0.0016/sec
800 1 | e Laboratory Data_0.0004/sec
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Time (sec)

Figure 9. Computational simulations versus laboratory data.
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Figure 10. Effect of material length parameter on damaged behavior.

increasing rates of deformation. Figure 9 demonstrates that the
deformation rate has a pronounced effect on both the viscoelas-
tic cohesive zones and the viscoelastic solid elements. A slower
loading rate produces a more compliant response due to the
fact that the slow loading rate allows more time for the viscous
mechanisms and microstructural damage in the cohesive zone
to occur. Simulation results are generally compatible with lab-
oratory testing results as shown in Figure 9. Both simulations
and real testing results clearly demonstrate rate-dependent
damage behavior and sample failure that is followed by a sig-
nificant level of material softening. Even though the finite-ele-
ment model developed herein showed promising results, the
accuracy of the model can be further improved by accounting
for several aspects that have not yet been implemented in the
model, but such work is in progress. The finite-element mesh
used in this study is two-dimensional and was constructed
with a digital image (0.05 m by 0.05 m) of an asphalt concrete
sample. The size of the selected asphalt mixture may not be a
representative volume element (RVE) for simulating the over-
all mechanical behavior of bulk asphalt samples. Determination
of the RVE creates significant benefits, since mechanical analy-
ses of any size (large-scale) heterogeneous asphalt mixture can
be reasonably converted to mechanical analyses of a small-
scale heterogeneous body (typically referred to as the RVE),
since the selected RVE scale is sufficient to reflect the overall
behavior of the large-scale body. Due to the extremely compli-
cated geometric and mechanical characteristics of asphalt con-
crete mixtures, the determination of the RVE is complex and
must be carefully considered. In addition to the RVE issue, the
model developed in this study can be enhanced by considering
the effects of coarse aggregate particles in the mixture and plas-
tic and/or viscoplastic behavior in the matrix phase. Rotation
of aggregate particles and particle-to-particle contacts should
be considered in the computational model. Furthermore, addi-
tional constitutive packages such as plastic and/or viscoplastic
material packages can be integrated into the model to produce
more accurate and comprehensive predictions at a wide range
of temperatures and loading conditions. Several studies (Perl
et al. 1983; Uzan 1996; Lu and Wright 1998; Seibi et al. 2001;
Chehab et al. 2003; Collop et al. 2003; Park 2004; Tashman et
al. 2004) have demonstrated the effects of plastic and/or visco-
plastic nature in modeling mechanical behavior of asphalt con-
crete mixtures and asphaltic pavements.

Figures 10-12 present computational predictions that are
dependent on specified damage parameters: material length
parameter (8,), averaged value of initial fibril radii (r°), and
averaged value of critical fibril radii (r_). Figure 10 generally
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Figure 11. Effect of initial radius on damaged behavior.

demonstrates that the mechanical response is stiffer and the
damage growth is faster as the length scale parameter is re-
duced. This finding is fairly obvious because the lower values
of the length scale parameter increase cohesive zone traction
T; and cohesive zone strain A, correspondingly making the co-
hesive zone stiffer and damage evolution variable a(t) greater.
Figures 11 and 12 illustrate simulation results for different val-
ues of averaged initial fibril radius and averaged critical fibril
radius, respectively. The amount of damage evolution at a cer-
tain time becomes greater as a smaller value of the initial fibril
radius is specified, since thinner fibrils approach critical fibril
radius faster than thicker fibrils. Similarly, it is readily evident
that the damage evolution becomes faster as fibrils reach fail-
ure faster, which means that the value of the critical fibril ra-
dius is high. More rapid growth of damage contributes to a
reduction of resultant tractions in the cohesive zones and a
corresponding decrease in average stress of the overall asphalt
concrete sample. It appears that the geometric fibril variation
of asphalt mastic through the tensile fracture test defines the
damage evolution law, and the damage evolution character-
istics subsequently predict overall matrix behavior and even-
tually damage- induced behavior of asphalt concrete mixtures.

The modeling approach presented in this paper forms the
basis for practical engineering models for performance analysis
and life prediction of asphalt mixtures and pavements based on
fundamental principles of mechanics. Since the computational
model used in this study accounts for material heterogeneity
and geometric complexity due to embedded aggregate parti-
cles, inelastic mechanical behavior of the asphalt phase, and
rate-dependent crack-associated fracture of the asphalt bind-
ers/mastics, a model of this type could strongly impact pave-
ment design and analysis not only by reducing experimental
costs significantly, but also by improving the design of mixtures
(asphalt concrete mixtures). Furthermore, a computational con-
stitutive modeling technique such as this based on experimental
characterization of mechanical properties of each mixture con-
stituent can be successfully applied to many other geomateri-
als and geostructures such as soil-aggregate systems, soil-struc-
ture interactions, porous media, various types of geosynthetic
composites, etc., by appropriately incorporating their constitu-
tive behavior and damage behavior into the model.

Concluding Remarks

A damage-dependent finite-element constitutive model
has been formulated and simulated herein for analysis of as-
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Figure 12. Effect of critical radius on damaged behavior.

phalt concrete mixtures that are composed of elastic aggre-
gate particles, a viscoelastic matrix, and viscoelastic cohesive
zones that are subjected to damage due to cracking. Hetero-
geneous geometric characteristics and inelastic mechanical be-
havior of asphalt concrete mixtures are successfully taken into
account by employing computational modeling and viscoelas-
tic material modeling. Crack growth due to damage evolution
is characterized by a nonlinear viscoelastic model and a frac-
ture test-based probabilistic damage evolution law. The locally
measured small-scale fracture properties based on simple frac-
ture tests appear to indeed be capable of predicting microscale
damage growth due to microcracking, material softening af-
ter peak stress, macrocracking due to coalescence of micro-
cracks, and eventual sample failure. The model presented pro-
vides a substantial advantage, since the model only requires
small-scale fracture/damage properties and fundamental ma-
terial properties of each mixture component to predict mac-
roscale damage and failure of complex global-scale heteroge-
neous mixtures. This approach can significantly save time and
cost associated with expensive laboratory tests.

Although promising results were obtained in this study,
several important follow-up studies to improve the model
must continue. The modeling in this study primarily addresses
the nonlinear viscoelastic damage in the matrix phase due to
the fact that most damage in asphalt concrete mixtures typi-
cally initiates in the matrix phase at intermediate temperatures
or lower. However, as mentioned earlier, effects of coarse ag-
gregate particles, effects of preexisting defects such as air
voids, and plastic-viscoplastic behavior in the mixture should
be considered in order to more accurately predict damage-in-
duced behavior of asphalt concrete mixtures. The ability of
this model to predict damage will also be improved by taking
into account two distinct cohesive zone constitutive relations
(or model parameters) for each different fracture mode sepa-
rately: fracture within the asphalt mastic and fracture along
mastic-aggregate boundaries. One possible way to do this is to
introduce surface energy characteristics of each mixture con-
stituent, since mechanical bonding within the asphalt-aggre-
gate system is directly related to the surface energy of the mix-
ture constituents (Cheng et al., 2003). It is also imperative to
establish the appropriate representative volume element in or-
der to increase predicting accuracy and modeling efficiency.
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