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Abstract

This study investigated the impact of the realistic constitutive material behavior of
asphalt layer (both nonlinear inelastic and fracture) for the prediction of pavement performance.
To this end, this study utilized a cohesive zone model to consider the fracture behavior of asphalt
mixtures at an intermediate temperature condition. The semi-circular bend (SCB) fracture test
was conducted to characterize the fracture properties of asphalt mixtures. Fracture properties
were then used to simulate mechanical responses of pavement structures. In addition, Schapery’s
nonlinear viscoelastic constitutive model was implemented into the commercial finite element
software ABAQUS via a user defined subroutine (user material, or UMAT) to analyze asphalt
pavement subjected to heavy truck loads. Extensive creep-recovery tests were conducted at
various stress levels and multiple service temperatures to obtain the stress- and temperature-
dependent viscoelastic material properties of asphalt mixtures. Utilizing the derived viscoelastic
and fracture properties and the UMAT code, a typical pavement structure was modeled that
simulated the effect of material nonlinearity and damage due to repeated heavy truck loads. Two-
dimensional finite element simulations of the pavement structure demonstrated significant
differences between the cases: linear viscoelastic and nonlinear viscoelastic modeling with and
without fracture in the prediction of pavement performance. The differences between the cases
were considered significant, and should be addressed during the process of performance-based
pavement design. This research demonstrates the importance of accurate and more realistic

characterizations of pavement materials.



Chapter 1 Introduction

Distresses in asphalt pavements, such as rutting and fatigue cracking, are critical safety
issues affecting roadway users. Rutting, or, permanent deformation, is surface depression
resulting from the accumulation of vertical displacements in asphalt pavement layers. The
presence of this distress is even more dangerous for roadway users when the surface depression
is filled with water. Accumulation of water in surface depressions increases the risk of vehicle
hydroplaning, and, as a result of freezing and thawing cycles in cold regions, weakens pavement
layers. Large damage areas, such as potholes, result from severe fatigue cracking in the
pavement, combined with thermal stress. Pavement design methods should account for the
combination of multiple factors that cause these distresses (i.e., traffic loads, environmental
effects, and composite material constituent’s combinations and interactions), in order to improve
the reliability of the structures.

A few approaches have been adopted by the research community to examine the effects
of these distress-causing factors on pavement response. Conventional asphalt pavement design
methods assume that asphalt layers are made of materials with linear-elastic response; however,
asphaltic materials exhibit viscoelastic material behavior that is significantly affected by the rate
of loading, time, and temperature conditions. It has been observed that results from elastic
analyses do not correlate well with field measurements. To improve the accuracy of these
analyses, many studies have adopted the viscoelastic constitutive model to predict the behavior
of asphaltic materials (Al-Qadi et al. 2005; Elseifi et al. 2006; Yoo 2007; Kim et al. 2008; Kim et
al. 2009). However, nonlinear response was not taken into consideration in these models in spite
of abundant experimental observations (Masad and Somadevan 2002; Collop et al. 2003; Airey et

al. 2004) that present nonlinear response of asphalt binders and mixes at certain levels of stress



and strain. Therefore, it is necessary to consider stress-dependent nonlinear viscoelastic material
characteristics at various stress levels.

To this end, this study characterized the nonlinear viscoelastic behavior of asphalt
mixtures using Schapery’s nonlinear viscoelastic model. The model was implemented into the
commercial finite element software ABAQUS as a user-defined subroutine, labeled UMAT (user
material) based on the recursive-iterative numerical algorithm determined by Haji-Ali and
Muliana (2004). Extensive creep-recovery tests were conducted at various stress levels and at
two temperatures (30°C and 40°C) in order to obtain the stress- and temperature-dependent
nonlinear viscoelastic material properties of asphalt mixtures. Material properties were then used
to simulate mechanical responses of pavement structures. Detailed investigations of the
pavement responses resulting from different constitutive relations (such as linear viscoelastic and
nonlinear viscoelastic) can provide better understanding of the effects of truck loading on
pavement damage and consequently advance the current pavement analysis-design method.

The recent mechanistic-empirical (M-E) design guide predicts fatigue cracking resistance
of asphalt pavements by considering various factors mentioned above. However, the M-E design
guide is known to be limited in its ability to accurately predict mechanical responses in asphaltic
pavements due to the use of empirically developed prediction models. Recently, the fracture
behavior of asphalt mixtures has been studied by several researchers through fracture tests and
numerical analysis by means of a cohesive zone model (Marasteanu et al. 2002; Wagoner et al.
2005, 2006; Kim et al. 2008). Most studies were conducted at low temperature conditions;
however, since fracture behavior at intermediate service temperatures is sensitive to loading
rates, this study considered the fracture behavior of asphalt mixtures at an intermediate

temperature condition (30°C) using the cohesive zone model. The SCB fracture test was



conducted to characterize the fracture properties of asphalt mixtures. Fracture properties were
then used to simulate mechanical responses of pavement structures subjected to heavy truck
loads.

1.1 Research Scope and Objective

The purpose of the current study was to provide a better understanding of the effects of
heavy-load trucks on pavement performance. Trucking is the most dominant component of U.S.
freight transportation, and is expected to grow significantly in the future. Better preservation of
the existing highway infrastructure against heavy-load trucks is therefore a necessity. Success in
this endeavor can be achieved through more accurate and realistic analyses of pavement
structures.

For a more accurate and realistic analysis of pavement structures against heavy-load
trucks, a series of research efforts led by the primary investigator was initiated in FY 2009 and
continued in FY 2010. These efforts investigated pavement performance predictions from both
the newly released “Mechanistic-Empirical Pavement Design Guide” (MEPDG) approach and
the purely mechanistic approach based on the “Finite Element Method.” The research
particularly focused on the impact of heavy truck loads on pavement damage. Analysis results
during FY 2009 and FY 2010 clearly demonstrated that both material inelasticity (e.g., the
viscoelastic nature of asphaltic materials and elasto-plastic behavior of soils) and realistic tire
loading configuration, which are not rigorously implemented in the current MEPDG, can mislead
predictions of pavement rutting. These misled predictions can result in significant errors in the
design of pavement structure as well as in the prediction of pavement performance when the

empirical damage evolution relations in the MEPDG are further incorporated.



Based on research outcomes observed during FY 2009 and FY 2010, this study, “Phase
11T extends the previous research scope to facilitate a more realistic analysis of pavement
performance. In this study, a more detailed investigation of pavement responses was pursued by
focusing on the fracture- (cracking) related damage behavior of pavement structures. Any
significant differences between the cases were considered important factors that should be
deliberately examined for a more precise implementation of pavement analysis and design in
future research.

1.2 Organization of the Report

This report is composed of seven chapters. Following the current introduction, chapter 2
summarizes literature on rutting and cracking. Chapter 3 presents the theoretical background of
Schapery’s nonlinear viscoelastic constitutive model and its numerical implementation into a
finite element code. The theoretical background of the cohesive zone model is also presented in
chapter 3. Chapter 4 describes the creep-recovery test and the fracture test conducted to identify
viscoelastic and fracture properties of asphalt mixtures. Chapter 5 describes how the viscoelastic
and fracture properties were obtained from the laboratory test results. From the material
properties identified in chapter 5, chapter 6 describes finite element simulations of a pavement
structure, taking into account the effect of material viscoelasticity (linear and nonlinear) and
fracture of pavement subjected to heavy truck loads. Simulation results and significant

observations are discussed. Finally, chapter 7 summarizes this study and its conclusions.



Chapter 2 Literature Review

2.1 Studies on Rutting

Rutting is one of the primary distresses in flexible pavement systems. Rutting is caused
by plastic or permanent deformation in the asphalt concrete, unbound layers, and foundation
soils. The M-E design guide predicts rutting performance of flexible pavements by considering
the constitutive relationship between predicted rutting in the asphalt mixture and field-calibrated
statistical analyses of repeated load permanent deformation tests conducted in the laboratory.
The laboratory-derived relationship is then adjusted to match the rut depth measured from the
roadway (AASHTO 2008).

Although the M-E design guide employs various design parameters (climate, traffic,
materials, etc.) to predict the performance of flexible pavements, it is known to be limited in its
ability to accurately predict mechanical responses in asphaltic pavements due to the use of
simplified structural analysis methods, a general lack of understanding of the fundamental
constitutive behavior and damage mechanisms of paving materials, and the use of circular tire
loading configurations.

To overcome the limitations of the layered elastic approaches, many researchers have
attempted to develop structural mechanistic models that are able to predict the performance of
asphaltic pavements. In order to represent the behavior of asphalt mixtures under different
boundary conditions, it is necessary to incorporate constitutive material models into these
structural mechanistic models. Computational approaches such as the finite element technique
have received increased attention from the pavement mechanics community due to their
extremely versatile implementation of mechanical characteristics in addressing complex issues

such as inelastic constitutive behavior, irregular pavement geometry (Blab and Harvey 2002; Al-



Qadi et al. 2002; Collop et al. 2003; Al-Qadi et al. 2004; Al-Qadi et al. 2005), and growing
damage (Mun et al. 2004; Elseifi and Al-Qadi 2006; Kim et al. 2006).

Recently, several studies (Al-Qadi et al. 2005; Elseifi et al. 2006; Kim et al., 2009) have
conducted viscoelastic analyses that considered the asphalt layer as linear viscoelastic and the
other layers as elastic, using the finite element method in two dimensional (2-D) or three-
dimensional (3-D) models for predicting the time-dependent response of flexible pavement.
However, nonlinear response was not taken into consideration in these models, in spite of
abundant experimental observations (Masad and Somadevan 2002; Collop et al. 2003; Airey et
al. 2004) that demonstrated nonlinear response of asphalt binders and mixes at certain levels of
stress and strain. For example, figure 2.1, which presents test results from Masad and Somadevan
(2002), illustrates that the nonlinearity is evident as the shear modulus decreases with an increase
in strain level. For a linear material, the curves in the figure would coincide. Therefore, it is
necessary to consider the nonlinear viscoelastic responses when asphalt pavements are subjected

to heavy loads.
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Figure 2.1 Test results from Masad and Somadevan (2002)

2.2 Studies on Cracking

Various asphalt pavement distresses are related to fracture including fatigue cracking
(both top-down and bottom-up), thermal (transverse) cracking, and reflective cracking of the
asphalt layer. Cracking in asphaltic pavement layers causes primary failure of the roadway
structure and leads to long-term durability issues, and are often related to moisture damage. The
fracture resistance and characteristics of asphalt materials significantly influence the service life
of asphalt pavements and consequently the maintenance and management of the pavement
network. In spite of its significant implications, proper characterization of the fracture process
and fundamental fracture properties of the asphaltic materials have not been adopted in the
current pavement design-analysis procedures which are generally phenomenological.

Cracking is probably the most challenging issue to predict and control. This is because of

the complex geometric characteristics and inelastic mechanical behavior of the asphalt mixtures,



which are temperature sensitive and rate dependent. These characteristics make any solution to
the cracking problem in asphalt mixtures almost impossible to achieve via the theory of linear
elastic fracture mechanics (LEFM). LEFM is only able to predict the stress state close to the
crack tips of damaged bodies if the fracture process zone (FPZ) around the crack tip is very
small. The FPZ in asphaltic materials might be large, as is typical of quasi-brittle materials
(Bazant and Planas 1998).

Some studies have evaluated the fracture toughness of asphalt mixtures using the J-
integral concept or the stress intensity approach (Mobasher et al. 1997; Mull et al. 2002; Kim et
al., 2003). Others have conducted fracture tests and numerical analyses by means of a cohesive
zone model to study the fracture behavior of asphalt mixtures (Li and Marasteanu 2005; Song et
al. 2006; Kim et al. 2007; Kim et al. 2009). The cohesive zone modeling approach has recently
received increased attention from the asphaltic materials and pavement mechanics community
for modeling crack initiation and growth. The cohesive zone approach can properly model both
brittle and ductile fracture, which is frequently observed in asphaltic roadways due to the wide
range of service temperatures and traffic speeds. Moreover, it can provide an efficient tool that
can be easily implemented in various computational methods, such as finite element and discrete
element methods, so that fracture events in extremely complicated mixture microstructure can
also be simulated.

To monitor averaged deformations or displacements for the characterization of fracture
properties of asphalt mixtures, most fracture tests have traditionally used conventional
extensometers or clip-on gauges far from the actual FPZ. However, the true fracture properties of
asphalt mixtures could be misled by as much as an order of magnitude, since the material

responses captured by the extensometers or clip-on gauges are limited in their ability to



accurately represent material behavior at the actual FPZ. This discrepancy can worsen if the
material is highly heterogeneous and inelastic (Song et al. 2008; Aragédo 2011), which is typical
in asphaltic paving materials. In addition, most of the studies have adopted low-temperature
testing conditions in which the type of fracture is much more brittle and elastic. However, as
shown in figure 2.2 (Aragdo and Kim 2011), fracture behavior of asphaltic materials at
intermediate service temperatures is sensitive to the loading rates. In order to accurately
characterize intermediate temperature fracture behavior such as fatigue cracking, Aragéo and
Kim (2011) conducted fracture tests at 21° C. Test results presented significant rate-dependent

behavior.
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Figure 2.2 Fracture behavior at intermediate service temperatures

A better understanding of the FPZ at realistic service conditions is a critical step in the

development of mechanistic design-analysis procedures for asphaltic mixtures and pavement



structures. This is because characteristics of the FPZ represent the true material behavior relative
to fracture damage, which, consequently, leads to the selection of proper testing methods and
modeling-analysis techniques that appropriately address the complex local fracture process.
However, such careful efforts to characterize the FPZ in asphalt concrete mixtures have been, to
date, insufficient. To our best knowledge, only limited attempts (Kim et al. 2002; Seo et al. 2002;
Song et al. 2008; Li and Marasteanu 2010) have been carried out due to the many experimental-

analytical complexities.
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Chapter 3 Nonlinear Viscoelasticity and Cohesive Zone Model

The current chapter presents more advanced constitutive models for better
characterization and performance prediction of asphalt mixtures. A multiaxial nonlinear
viscoelastic constitutive model developed by Schapery (1969) is briefly introduced, and the
numerical implementation incorporated with the finite element method is described. Schapery’s
single integral constitutive model was implemented into the commercial finite element software
ABAQUS via a user-defined material called UMAT. In accordance with Schapery’s model, the
cohesive zone model was described to account for the fracture process as a gradual separation.

3.1 Schapery’s Nonlinear Viscoelastic Model

Schapery’s nonlinear viscoelastic single-integral constitutive model (Schapery 1969) for

one-dimensional problems can be expressed in terms of an applied stress (o) as follows:

‘ d(g,o0
e(t)=g,Dyo+ glj AD[y (t) -y (7)] (d %) dr
0 4 (3.1)
where,
w is the reduced time given by:
tdg
vi-| & 62
0 acr

where,
Jo, U1, 02 and a, are the nonlinear viscoelastic parameters associated with stress level.
These parameters are always positive and equal to 1 for the Boltzmann integral in linear

viscoelasticity. It is noted that equation 3.2 can include not only stress effect, but also effects

11



such as temperature, moisture, and physical aging as each shift factor. Dy and AD are uniaxial
instantaneous and transient creep compliance at linear viscoelasticity respectively. The uniaxial

transient compliance can be expressed in the form of a Prony series as:

N

AD(y) = Z D,[1-exp(-4,v)]

= (3.3)

where,
N is the number of Prony series, and D, and A, are nth coefficient of the Prony series and
the nth reciprocal of retardation time, respectively. Therefore equation 3.1 can be rewritten by

substituting equation 3.3 into equation 3.1 as:

N N
g(t): gOD00+glgzan _glanQn (34)

where,
Q= j exp{~4, [w () -y (T)]}d(gj—fdf (3:3)

The one-dimensional integral in equation 3.1 can be generalized to describe the multi-
axial (i.e., 3-D) constitutive relations for an isotropic media by decoupling the response into

deviatoric and volumetric strains as follows (Lai and Bakker 1996):

12



e; (t)= % 9oJ0S; +% glthJ [t//(t)—,/,(r)] d (QZSij ) dr

0 dz (3.6)
‘ d
£ (1) =§goBocfkk +%gljo AB[W(UW(T)]%O'T o

where,

eij, &k, and Sjj are deviatoric strain, volumetric strain, and deviatoric stress, respectively.
Jo, Bo, AJ, and AB are the instantaneous and transient elastic shear and bulk compliance,
respectively. The shear transient compliance AJ(y) and the bulk transient compliance AB(y) can

also be expressed by the Prony series as follows:

A (v)= ZJn [1-exp(-Ay)] (3.8)

AB(y)= ZBn [1-exp(-Ay)] (39)

Assuming that Poisson’s ratio v is time-independent, the instantaneous and transient

shear and bulk compliance can be evaluated from the following relations:

J,=2(1+v)D,  B,=3(1-20)D,

(3.10)
AJ (l//)=2(1+U)AD l//) AB(@//)=3(1—20)AD(1//)

The nonlinear parameters are assumed to be general polynomial functions of the effective

shear stress & which can be written as (Haji-Ali and Muliana 2004):

13



(3.11)

where,

The polynomial coefficients (o, £, 5, &) can be calibrated from the creep and recovery

tests at various stress levels. The term oy is the effective shear stress limit in the linear

viscoelastic range.

Next, the deviatoric and volumetric components can be expressed in terms of the

hereditary integral formulation by substituting equation 3.8 into equation 3.6 and equation 3.9

into equation 3.7 as follows (Haji-Ali and Muliana 2004):

N N
1
& (t)=5[go\]0+9192 E ‘]n]Su - E Qiin (3.12)
n=1 n=1

N N
1
fu (t)=§[goBo+gngZBn]akk D Q. (2.13)
n=1 n=1

14



where,

1 ! d gzsij
Qn,n=§91_[o~lnexp{—ﬂn [v(O)-w ()]} (df la: (3.14)
. :Eg.‘.tB e [W(t)_w(r)]}wdr (3.15)
kn =3 5 o n dr '

The derived 3-D nonlinear viscoelastic equations were numerically implemented into the
well-known commercial finite element software ABAQUS via a user-defined material called
UMAT, using the recursive integration scheme developed by Haj-Ali and Muliana (2004). In an
attempt to verify whether the UMAT subroutine code was properly implemented in the finite
element mainframe, one simple example problem was introduced. Code verification can be
conducted simply by comparing computational results from the finite element code to analytical
results obtained from the easily solvable problem. The example problem to be analyzed for code

verification is shown in figure 3.1.

o(t)=o,H(t)— (o, -0, )H(t-t,)

Stress

Im

I
/ -
'\'(Q L b t(sec)

Figure 3.1 Example problem to verify UMAT code

—

—
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Supposing a simple viscoelastic uniaxial bar is subjected to a two-step tensile load as
presented in figure 3.1, the first loading of 1.0N is applied for 10 seconds, then reduced to 0.5N

for 40 seconds. The resulting strain response can be derived as:

g, (t):[g§D0+gfg§D[%ﬂaa for O<t<t, (3.16)

o

o o

& (t)=9oDy0;, +0; l:ggaaD(%+t;bta]+(ggo.b _ggo'a)DLt;bta ﬂ for t, <t<t,
(3.17)

The creep compliance D(t) is linear viscoelastic material property represented as the

Prony series. Since this problem is merely for the sake of code verification, a simple form of the

creep compliance is assumed as follows:

D(t) =D, +D,[1-exp(-At)] (3.18)
where,
1 1 1 E, 1
D,=—,E,=E,+E,D=—-—, 1=—2.~
’ 0 ° " E, E E, p
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For the UMAT code verification, a special case of nonlinear viscoelastic response where

g, =0, =0, =a_, =1 was first simulated. When the nonlinear viscoelastic model parameters are

all equal to unity, the nonlinear viscoelastic model reduces to a linear viscoelastic hereditary
integral. An analytical linear viscoelastic solution can then be calculated and compared to the
computational results from the finite element analysis. Good agreement between the two results
infers that the code was developed appropriately. As shown in figure 3.2, the linear viscoelastic
finite element prediction and analytical solution match very well.

Secondly, in an attempt to examine the role of material nonlinearity in the model, the

same uniaxial bar problem was simulated by assigning that the two parameters (g, and a2 ) are
equal to unity, while the other two nonlinear parameters are assumed as g, = gf =1.1 during the

first loading stage and returned to unity when the second loading is applied. Tensile strains when
the uniaxial bar is nonlinear viscoelastic are also plotted in figure 3.2. As shown, the finite
element prediction and analytical solution are identical. Another observation to be noted from the
figure is that instantaneous strains resulting from all four cases are identical, but later stage
strains from the nonlinear viscoelastic cases are greater than those from the linear viscoelastic
cases. This seems reasonable because the nonlinear parameter g¢, which contributes to
instantaneous response, was set equal to unity, and the other two parameters that affect later
stage responses represented nonlinear viscoelastic behavior. This confirms that the UMAT code
equipped with the nonlinear viscoelastic feature was developed appropriately and can be used to
simulate nonlinear viscoelastic responses of general structures (such as pavements) that are

typically associated with complicated geometry and boundary conditions.
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Figure 3.2 Code verification results: Comparisons between analytical and numerical

3.2 Cohesive Zone Model

The FPZ is a nonlinear zone characterized by progressive softening, for which the stress
decreases at increasing deformation. The nonlinear softening zone is surrounded by a non-
softening nonlinear zone, which represents material inelasticity. Bazant and Planas (1998)
classified the fracture process behavior in certain materials into three types: brittle, ductile, and
quasi-brittle. Each type presents different relative sizes of these two nonlinear zones (i.e.,
softening and non-softening nonlinear zones). Figure 3.3 presents the third type of behavior, so-
called quasi-brittle fracture. It includes situations in which a major part of the nonlinear zone
undergoes progressive damage with material softening due to microcracking, void formation,
interface breakages, frictional slips, and others. The softening zone is then surrounded by the

inelastic material yielding zone, which is much smaller than the softening zone. This behavior
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includes a relatively large FPZ, as illustrated in figure 3.3. Asphaltic paving mixtures are usually

classified as quasi-brittle materials (Bazant and Planas 1998; Duan et al. 2006; Kim et al. 2008).

crack tip of FPZ

y 10 A/6,
] Bilinear Cohesive Zone Model

FPZ

Figure 3.3 Schematic illustration of FPZ of typical quasi-brittle materials

The FPZ can be modeled in many different ways. One well-known approach is to use a
cohesive zone. At the crack tip, the cohesive zone constitutive behavior reflects the change in the
cohesive zone material properties due to microscopic damage accumulation ahead of the crack
tip. This behavior can be expressed by the general traction-displacement cohesive zone

relationship as follows:
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T, (X, 1) =T, {A, (%, 7)} (3.19)
where,
T; = cohesive zone traction (T, for normal and T; for tangential traction),
Ai= cohesive zone displacement (A, for normal and A; for tangential
displacement),
Xm = Spatial coordinates, and

t = time of interest.

Cohesive zone models regard fracture as a gradual phenomenon in which separation (A)
takes place across an extended crack tip (or cohesive zone) and where fracture is resisted by
cohesive tractions (T). The cohesive zone effectively describes the material resistance when
material elements are being displaced. Equations relating normal and tangential displacement
jumps across the cohesive surfaces with the proper tractions define a cohesive zone model.
Among numerous cohesive zone models developed for various specific purposes, this study used
an intrinsic bilinear cohesive zone model (Geubelle and Baylor 1998; Espinosa and Zavattieri
2003; Song et al. 2006). As shown in figure 3.3, the model assumes that there is a recoverable
linear elastic behavior until the traction (T) reaches a peak value, or cohesive strength (Tmax) at a
corresponding separation in the traction-separation curve. At that point, a non-dimensional
displacement () can be identified and used to adjust the initial slope in the recoverable linear
elastic part of the cohesive law. This capability of the bilinear model to adjust the initial slope is
significant, because it can alleviate the artificial compliance inherent to intrinsic cohesive zone
models. The A value was determined through a convergence study designed to find a value

sufficiently small enough to guarantee a level of initial stiffness that renders artificial compliance
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of the cohesive zone model insignificant. It was observed that a numerical convergence can be
met when the effective displacement is smaller than 0.0005, which was used for simulations in
this study. Upon damage initiation, T varies from Tnax to O, when a critical displacement (&) is
reached and the faces of the cohesive element are fully and irreversibly separated. The cohesive
zone fracture energy (I'c), which is the locally estimated fracture toughness, can then be
calculated by computing the area below the bilinear traction-separation curve with peak traction

(Tmax) and critical displacement (&) as follows:

r :%5T (3.20)
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Chapter 4 Materials and Laboratory Tests

This chapter briefly describes the materials used and the laboratory tests performed in
this study. An asphalt mixture was selected for creep-recovery tests at varying stress levels in
order to determine its linear and nonlinear viscoelastic material characteristics. The SCB fracture
test was conducted at the same testing temperature (30 ° C) to identify fracture properties of the
mixture.
4.1 Materials

Table 4.1 summarizes mixture information, including Superpave PG asphalt binder grade,
aggregate gradation of the mixture, and resulting binder content to satisfy mixture volumetric
requirements. Binder content of 6.00% was determined as an appropriate value that satisfied all

key volumetric characteristics of the asphalt mixture including the 4% + 1% air voids.

Table 4.1 Mixture information

Mixture | Binder Aggregate Gradation (% Passing on Each Sieve) % %

ID PG [1omm [ 12.5mm [ 9.5mm | #4 | #8 | #16 | #30 | #50 | #200 | Binder | Voids
MAC 64-28 100 95 89 72 36 21 14 10 3.5 6.00 4.09
ixture

4.2 Specimen Fabrication

To conduct the uniaxial static creep-recovery tests, a Superpave gyratory compactor was
used to generate the cylindrical samples with a diameter of 150 mm and an approximate height
of 170 mm. The compacted samples were then cored and sawed to produce testing specimens
targeting an air void of 4% + 0.5% with a diameter of 100 mm and a height of 150 mm. Figure

4.1 presents a specimen after the compaction and coring-sawing process.
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Figure 4.1 A specimen cored and sawn from the gyratory compacted sample

To measure the axial displacement of the specimen under the static compressive force,
epoxy glue was used to fix mounting studs to the surface of the specimen so that the three linear
variable differential transformers (LVVDTSs) could be attached to the surface of the specimen at
120° radial intervals with a 100 mm gauge length, as illustrated in figure 4.2. Next, the specimen
was mounted in the UTM-25kN testing station for creep-recovery testing (fig. 4.3).

Figure 4.4 demonstrates the specimen production process for the SCB fracture test using
the Superpave gyratory compactor and saw machines. The Superpave gyratory compactor was
used to produce tall compacted samples: 150 mm in diameter and 175 mm in height. Five slices
(each with a diameter of 150 mm and a height of 25 mm) were obtained by removing the top and
bottom parts of the tall sample. Finally, the slice was cut into two identical halves, and the saw

machine was used to make a vertical notch 25 mm long and 2.5 mm wide.

23



Figure 4.3 A specimen with LVDTs mounted in the UTM-25kN

_};g — .-II#

Figure 4.4 SCB specimen fabrication and fracture testing configuration

In this study, the digital image correlation (DIC) system was incorporated with the SCB

fracture test to characterize fracture properties of the asphalt mixture. The DIC recognizes the
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surface structure of the specimen in digital video images and allocates coordinates to the image
pixels. The first image represents the undeformed state, and further images are recorded during
the deformation of the specimen. Then, the DIC compares the digital images and calculates the
displacement and deformation of the specimen. In order to facilitate the DIC process more
efficiently, the specimen was painted with black and white spray until a clear contrast between
the white background and numerous black dots (creating an image pattern) was achieved. A
number of black dots were used as material points for the full-field deformation characteristics
such as formation and movement of the FPZ, as cracks grew due to loading. Additionally, two
pairs of dot gauges were attached to the surface of the specimen to more accurately capture the
displacements at the mouth (denoted as notch mouth opening displacements [NMOD]) and at the
tip (denoted as notch tip opening displacements, [NTOD]) of the initial notch. The DIC system
used in this study incorporated a high-speed video camera that can accurately monitor specimen
deformation in strains from 0.05% up to 500%. Figure 4.5 shows the SCB testing set-up, painted
black dot image pattern, and the additional two-pair gauge points attached on the specimen

surface for DIC analysis.
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(b) a closer view of a SCB specimen ready to be tested

Figure 4.5 An overview and a closer view of SCB fracture testing
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4.3 Creep-Recovery Test

The static creep-recovery test was conducted on replicate specimens of the asphalt
mixture at 30°C. A creep stress for 30 seconds (followed by recovery for 1,000 seconds) was
applied to the specimens, and the vertical deformation (in compression) was monitored with the
three LVDTSs. Various stress levels were applied to characterize nonlinear behavior of asphalt
mixtures for a large range of stress levels.

Table 4.2 presents applied stress levels and the testing temperature. Based on the
preliminary test results, the threshold stress (reference stress) of nonlinear viscoelasticity was
found to be 700 kPa. In other words, the asphalt mixture is considered linear viscoelastic below
the reference stress level at that testing temperature. Figure 4.6 presents the test results. As

expected, the higher stress level generated larger creep strain and recovered less strain.

Table 4.2 Applied stress levels for each mixture

Mixture 1D Temp. Stress Level (kPa)

AC Mixture 30°C 700 1,000 1,200 1,500
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Figure 4.6 Creep-recovery test results at various stress levels

4.4 SCB Fracture Test

A total of 12 SCB specimens of the asphalt mixture were prepared to complete three
replicates per test case. Prior to testing, individual SCB specimens were placed inside the
environmental chamber of a mechanical testing machine for temperature equilibrium targeting
the testing temperature of 30°C. Following the temperature conditioning step, specimens were
subjected to a simple three-point bending configuration with four different monotonic
displacement rates (i.e., 1, 5, 10, and 50 mm/min.) applied to the top center line of the SCB
specimens. As shown in figure 4.5, metallic rollers separated by a distance of 122 mm (14 mm
from the edges of the specimen) were used to support the specimen. Reaction force at the loading
point was monitored by the data acquisition system installed in the mechanical testing machine.

Figure 4.7 presents the SCB test results by plotting the average values between the

reaction forces and opening displacements (NMOD and NTOD) monitored by the DIC system at
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different loading rates. The test results among the replicates at the same testing conditions were
repeatable without large discrepancies. The coefficient of variation in the peak force from each
testing case was between 5.4% and 10.8%. As clearly illustrated in the figure, the peak force
increased as the loading rate increased. The figures confirm that the fracture behavior at the

testing temperature of 30°C was rate-dependent.

15
=6=50 mm/min
—&-10 mm/min
——5 mm/min
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NMOD (mm)

(@) Force-NMOD curves

Figure 4.7 SCB test results at different loading rates and at 30°C
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Figure 4.7 SCB test results at different loading rates and at 30°C (cont’d.)
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Chapter 5 Characterization of Material Properties

In this chapter, the creep-recovery test and SCB fracture test results presented in the
previous chapter are used to characterize material properties. Using creep-recovery test results,
the linear viscoelastic properties at the threshold stress level are identified, as are the nonlinear
viscoelastic properties at higher stress levels. The viscoelastic material properties are then
validated by comparing test results with numerical simulations of the creep-recovery test.
Regarding the SCB fracture, test results are used to determine fracture properties of the mixture.
The cohesive zone fracture properties in the bilinear cohesive zone model are determined for
each case through the calibration process until a good agreement between test results and finite
element simulations is observed.

5.1 Viscoelastic Material Properties

A schematic of a single creep-recovery test is illustrated in figure 5.1 for a constant stress

loading and unloading condition. For loading time period (i.e., 0 <t <t;) and unloading period
(t>t)), Equation 5.1 can be expressed, respectively, in terms of creep strain (&) and recovery

strain (&) as:

t
& (t) = 9,Dy0 + 9,9,0AD [a—] (5.1)

o

& (t)= gza[AD(aLH—tlj—AD(t—tl)} (5.2)

o
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Figure 5.1 A schematic of a single creep-recovery test

The first step was to obtain the Prony series coefficients in equation 3.3 from linear
viscoelastic response at the threshold stress level of each considered temperature. Since the
recoverable response is linear viscoelastic (g, =9, =09, =a_ =1) at the threshold stress level,
the recovered strain Ae(t) shown in figure 5.1 can be used to obtain the linear viscoelastic Prony

series coefficients. Substituting equation 3.3 into equations 5.1 and 5.2 yields:

A, (t)=¢,(t)—¢ (1)

N

D b.[1-exp(-4t)]- (5.3)

i D,[1-exp(-4,t)]+ i D,[1-exp(-4, (t-t,))]
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Next, Prony series coefficients were determined by minimizing error between
experimental measurements and predicted strains using equation 5.3. Resulting coefficients of

each mixture are listed in table 5.1.

Table 5.1 Viscoelastic properties determined through the characterization process

N A, (sh D, (MPa™) of Mixture 1 at 30°C
1 10° 6.70x10™
2 10 8.91x10”
3 1 5.17x10™
4 107 6.45x10™
5 10 9.47x10™
6 107 2.60x10™
7 10 2.73x10™
8 107 7.54x10™

Once the linear viscoelastic Prony series coefficients were obtained, the nonlinear
viscoelastic parameters at higher stress levels could be determined. The recovered strains at high
stress levels were again used, under the assumption that the transient creep compliance is

expressed in the form of a power law as follows:

AD(y)=Dy" (5.4)
where,

D, and n are material constants.
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Substituting equation 5.4 into equations 5.1 and 5.2 gives:

Aé, (t)= (tl)g()

. (5.5)
=o'~ §'|(1+an) ~(an) |
where,
o = 9oDo0 + glgchU(aij (5.6)
B =D, (ij (5.7)
aO'
=14 (5.8)

Fitting equation 5.5 to the recovered strains Ag, can determine constants: n,a”, £, and
a_ . Itis noted that n is nearly stress-independent, and can be obtained at a low stress level (Lai

and Bakker, 1996); therefore, the n value was fixed as a constant, and the values of o, 5 and
a_ were obtained by repeating the fitting process. Next, g, was determined by minimizing errors

between experimental data and equation 5.7. Similarly, go and g; were determined from equation
5.6. Table 5.2 presents the stress-dependent nonlinear viscoelastic parameters of the asphalt
mixture tested at 30°C. Nonlinear viscoelastic parameters in table 5.2 indicate that g; was not
significantly related to nonlinearity, whereas other parameters such as go and g, were sensitive to

stress levels. Both parameters generally increased as higher stresses were involved.
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Table 5.2 Nonlinear viscoelastic parameters determined

AC Mixture at 30°C
Parameters Polynomial constants, i
1 2 3
Jo () 0.05 0.77 -0.54
9: (B) 0 0.01 -0.01
92 (7;) 0.36 0.83 -0.71
a, (5,) -0.14 0.84 -0.83

After obtaining the viscoelastic material properties (both linear and nonlinear), model
validation was conducted by comparing finite element model simulations to the creep-recovery
test results. For simplicity, one element of a single creep-recovery test was simulated using the
obtained material properties (i.e., Prony series coefficients and nonlinear viscoelastic parameters
presented in table 5.1 and table 5.2).

Figure 5.2 presents the comparisons of recovered strains between experimental results
and numerical predictions. As shown in the figure, for the cases at threshold stress levels (700
kPa), results between testing and simulation are almost identical. As the level of stress becomes
higher, slight discrepancies between testing and simulation are observed; however, overall
simulation results show good agreement with the experimental data. This indicates that the
developed UMAT is working properly and can be used to simulate the linear-nonlinear

viscoelastic response of multilayered pavement structures, which is described in a later section.
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Figure 5.2 Comparison plots between model predictions and test results

The proposed approach, based on the nonlinear viscoelastic characteristics, is expected to
provide much better identification of mechanical behavior in comparison to simple linear
viscoelastic modeling, where mixtures are subject to higher service temperatures and heavy
vehicle loads. However, in those conditions, a considerable amount of plastic (irrecoverable)
strains are usually involved, which implies that a more accurate constitutive model would require
plastic and/or viscoplastic contribution in conjunction with the nonlinear viscoelastic
characteristics, in order to comprehensively account for overall mechanical behavior. Several
studies have pursued constitutive modeling with plastic or viscoplastic components. Zhao (2002)
incorporated viscoelastic-plastic behavior with growing damage based on Schapery’s continuum
damage theory and Uzan’s strain hardening model. Yoo (2007) performed three-dimensional

finite element analysis to calculate creep strains due to heavy vehicular loading cycles, using
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nonlinear time-hardening creep models to characterize the creep behavior of asphalt mixtures at
intermediate and high temperatures. More recently, Huang et al. (2011) developed a nonlinear
viscoelastic-viscoplastic constitutive model and implemented it into a 3-D finite element model.
The study showed that finite element simulations can capture pavement responses under repeated
loading at different temperatures. Although the plastic component is considered necessary to
more appropriately account for overall mechanical behavior, it was not taken into consideration
for the current study.

5.2 Fracture Properties

Fracture properties of the asphalt mixture were determined by numerical simulations of
the SCB fracture tests. This was implemented to identify fracture characteristics along the FPZ,
which is locally associated with initiation and propagation of cracks through the SCB specimens.
As noted earlier, finite element model simulations incorporated with the cohesive zone fracture
can be effectively applied to examine the local fracture behavior, since the cohesive zone
effectively describes the material resistance to fracture when material elements in a real length
scale are being displaced.

Figure 5.3 presents a finite element mesh, which was finally selected after conducting a
mesh convergence study. The specimen was discretized using two-dimensional, three-node
triangular linear prism elements for the bulk specimen. Four-node, zero-thickness cohesive zone
elements were inserted along the center of the mesh to permit mode I crack growth in the
simulation of SCB testing. The bilinear cohesive zone model illustrated in figure 3.3 was used to
simulate fracture in the middle of the SCB specimen as the opening displacements increased. It
should be noted that the simulation conducted herein involves several limitations at this stage as

a result of assuming the mixture to be homogeneous and isotropic with only mode | crack
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growth—which may not represent the true fracture process of specimens specifically tested at the
ambient temperatures where mixture heterogeneity (i.e., microstructural characteristics) and
mixed-mode fracture is not trivial (fig. 5.3).

The cohesive zone fracture properties (two independent values of the three: Tmax, &, and
I'¢) in the bilinear model were determined for each case through the calibration process until a
good match between test results and numerical simulations was observed. Figures 5.4 and 5.5
present good agreements between the test results (average of the three SCB specimens per case)
and finite element simulations. Resulting fracture properties (Tmax and I'¢) at each loading rate
are presented in table 5.3. The good agreement between tests and model simulations indicates
that the local fracture properties were properly defined through the integrated experimental-

numerical approach.

A

A
Mesh & B.C. Deformed Mesh

Figure 5.3 A finite element modeling of the SCB testing
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Figure 5.4 SCB test results vs. cohesive zone model simulation results (force-NMOD)
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Figure 5.5 SCB Test results vs. cohesive zone model simulation results (force-NTOD)
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Table 5.3 Cohesive zone fracture parameters determined

Temperature (°C) | Loading Rate (mm/min.) Cohesive Zone Fracture Parameters
Tmax (KPa) O (3/m?)
1 8.0E+01 220
30 5 2 5E+02 400
10 3.2E+02 550
50 6.5E+02 900

The values presented in table 5.3 clearly suggest that the consideration of material
viscoelastic constitution for the bulk body is not itself adequate to predict the fracture behavior
of asphalt mixtures. Other sources of rate-dependence, such as the local rate-dependent fracture

behavior at the fracture process zone, are also necessary for more accurate analyses and designs.
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Chapter 6 Finite Element Analysis of Pavement

In this chapter, a typical pavement structure used in Nebraska was modeled through the
2-D finite element method, in order to investigate the mechanical performance behavior of the
pavement when subjected to heavy truck loading. The 2-D finite element modeling was
conducted using a commercial package, ABAQUS Version 6.8 (2008), which was incorporated
with the cohesive zone fracture and the developed nonlinear viscoelastic UMAT. Simulation
results comparing responses from linear viscoelasticity and from the use of nonlinear viscoelastic
material characteristics with and without the cohesive zone fracture are presented and discussed
in this chapter.

6.1 Pavement Geometry and Boundary Conditions

A typical pavement structure used in Nebraska was selected for simulations. Figure 6.1
illustrates a four-layered asphalt pavement structure (101.6 mm thick asphalt layer, 254 mm
Portland cement concrete (PCC) layer with PCC joints, 101.6 mm bituminous foundation course
(BFC) and 152.4 mm subgrade). Both sides of the vertical edge of the finite element pavement
model were fixed in the horizontal direction, and the bottom of the model was fixed in the
vertical direction to represent a rock foundation. To reduce computational time, graded meshes,
which have finer elements close to the potential separation/distress regions, were used (fig. 6.1).
The red line in the figure indicates the region where cohesive zone elements were inserted in the
mesh to allow cracking (reflective and/or top-down). A tire pressure of 720 kPa and axial load of

35.5 kN were applied to the pavement based on a study by Yoo (2007).
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Figure 6.1 A pavement geometry and boundary conditions for finite element modeling

Figure 6.2 illustrates the loading configuration of the Class 9 truck used in this study
(Soares et al. 2008). Although the truck loading consisted of a front steer axle and two tandem
axles with dual tires, in order to reduce computational time in the analysis, only the two tandem
axles with dual tires were applied through use of the trapezoidal loading sequence shown in the
figure. A 15.4 m Class 9 truck trailer traveling at 80 km/h takes 0.692 seconds to pass over a
fixed point on the pavement. Therefore, the first truck passes the fixed point for 0.692 seconds
and, after 30 seconds, a second truck passes through the same point. The passage of a total of 50

trucks was simulated.
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Figure 6.2 Truck loading configuration (Class 9) used in this study

6.2 Layer Properties

Table 6.1 presents material properties of the individual layers. The underlying layers (i.e.,
PCC, BFC, and subgrade) were modeled as isotropic linear elastic, while viscoelastic response
was considered to describe the behavior of the asphalt concrete surface layer. The surface layer
can dissipate energy due to its viscoelastic nature and cohesive zone, which results in permanent
deformation (rutting) and fracture of the layer. Different performance responses between the

linear and nonlinear viscoelastic approaches with and without cohesive zone fracture were
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compared, and the resulting significance of the nonlinear viscoelastic nature and the cracking of

asphalt mixtures was observed.

Table 6.1 Material properties of each layer

Linear Elastic Material Properties

Layer E (MPa) v
PCC 152
BFC 26,200 0.3
Subgrade 43
Cohesive Zone Fracture Properties of Asphalt Surface
0T, (3/ m?) 400
Tmax (kKPa) 250
Linear Viscoelastic Properties of Asphalt Concrete Surface
n A, (5™ D, (MPa™)
1 10° 6.70x10"
2 10 8.91x10”
3 L 5.17x10‘j1
Asphalt Concrete g 182 83%184
6 10° 2.60x10™
7 10 2.73x10"
8 10 7.54x10"
Nonlinear Viscoelastic Parameters of Asphalt Concrete Surface
Polynomial constants, i
Parameters 1 2 3
go(@;) 0.05 0.77 -0.54
Asphalt Concrete 9 () 0 0.01 0.01
9 (7)) 0.36 0.83 -0.71
a_(9;) -0.14 0.84 -0.83

6.3 Simulation Results

This subsection presents simulation results and differences in pavement responses among
the four attempts, which modeled the asphalt concrete layer using linear viscoelastic properties

with or without the cohesive zone fracture and nonlinear viscoelastic properties with or without
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the cohesive zone fracture behavior. Among many mechanical responses, the vertical
displacement from the pavement surface, the crack opening (horizontal) displacement through
the depth of the asphalt concrete layer, and the horizontal strain at the bottom of the asphalt layer
were examined with the 50 cycles of truck loading; they are strongly related to the two primary
distresses of asphaltic pavement: rutting and cracking.

6.3.1 Permanent Deformation (Rut Depth)

Figure 6.3 compares permanent deformation (rut depth) accumulated from each truck
loading up to the 50 cycles. It clearly shows the increasing difference in the rut depth among the
four cases as the number of loading cycles increases. At the end of the 50 cycle simulation, the
total rut depth predicted from the nonlinear viscoelastic with the cohesive zone fracture was the
greatest, while the rut depth simulated from the linear viscoelastic without cohesive zone was the
smallest. The figure clearly demonstrates the effects of material characteristics on the overall
pavement performance.

Figure 6.4 shows contour plots of vertical displacement distributions in the asphalt layer
for different numbers of loading cycles (i.e., 10, 30, and 50 cycles) obtained from the four
modeling approaches. Contour plots in the top left-hand-side are results from the simulation of
linear viscoelastic without cohesive zone fracture, while the top right-hand-side plots were
obtained in consideration of the cohesive zone fracture in the linear viscoelastic asphalt layer.
Similarly, contour plots in the bottom left-hand-side were from the simulation of nonlinear
viscoelastic without cohesive zone fracture, and the bottom right-hand-side plots present vertical
displacement contours resulting from model simulation with nonlinear viscoelasticity and
cohesive zone fracture of asphalt layer. These plots clearly show that vertical displacement from

the nonlinear viscoelastic model propagates much more quickly to the bottom of the asphalt layer
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than does vertical displacement from the linear viscoelastic model when the number of loading
cycles is increased. In addition, both linear and nonlinear viscoelastic case with the cohesive
zone fracture showed greater vertical displacements at the same loading stage than did those
from simulations without the cohesive zone fracture. This clearly indicates that performance-

based design of pavement structures should be based on proper characterization of materials.
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Figure 6.3 Comparison of permanent deformation up to 50 loading cycles
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6.3.2 Horizontal Strain

Figure 6.5 shows horizontal strain profiles at the bottom of the asphalt layer for up to 50

truck loading cycles. Note that the sign convention adopted herein is positive for tension. As

shown in the figure, the maximum tensile strains take place below the tire, and compressive

strains develop between the tires. The nonlinear viscoelastic model predicted greater maximum

tensile strains than did the case of linear viscoelastic layer. Regarding the effect of cohesive zone

fracture on the horizontal strain at the bottom of the asphalt layer, smaller horizontal strains were

monitored from the cases without cohesive zone fracture behavior than from cases with cohesive

zones for both linear viscoelastic and nonlinear viscoelastic models.
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6.3.3 Crack Opening

Figure 6.6 shows that tensile stresses occurred through the depth of the asphalt surface
layer at the end of 50th loading cycle from the two modeling approaches: linear and nonlinear
viscoelastic with the cohesive zone fracture. As illustrated in the figure, the tensile stresses
between the two modeling approaches from the top surface to the bottom of 90 mm were the
same. However, the nonlinear viscoelastic case with cohesive zone fracture experienced tensile

stresses approximately four times greater than those from the linear viscoelastic case at the

bottom of the asphalt layer. Consequently, as can be seen in figure 6.7, crack opening

displacements between the two cases from the top surface to the bottom of 90 mm were close

each other, whereas the two modeling cases presented significant differences in the fracturing of

the asphalt at the
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Chapter 7 Summary and Conclusions

As an extension of Ban et al. (2011), we have sought a more advanced constitutive model
for asphalt mixtures, in order to more accurately predict pavement responses. To this end,
Schapery’s nonlinear viscoelastic constitutive model was implemented into the commercial finite
element software ABAQUS via a user defined subroutine (UMAT), and the cohesive zone
fracture model was involved in the process to more realistically analyze distresses in asphaltic
pavements subjected to heavy truck loads. Several laboratory tests (i.e., creep-recovery tests at
various stress levels to obtain stress-dependent viscoelastic material properties; semi-circular
bending (SCB) fracture tests at different loading rates to identify viscoelastic fracture properties)
of an asphalt mixture were conducted. Test results were used to obtain fundamental material
properties, which were in turn used to model structural performance of a typical Nebraska
asphaltic pavement.

Detailed investigations of the pavement responses resulting from different constitutive
relations (i.e., linear viscoelastic and nonlinear viscoelastic with and without cohesive zone
fracture) provided interesting observations and findings that could be used to better understand
the effects of truck loading on pavement damage, and consequently to further advance current
pavement-analysis design methods. The following bullet points summarize the conclusions that
can be drawn:

e Schapery’s nonlinear viscoelastic model was well implemented into the ABAQUS via a user
material subroutine UMAT. An example problem presented in this study verified the model

and its numerical implementation.
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Creep-recovery tests at varying stress levels were conducted to identify viscoelastic mixture
characteristics. As expected, test results clearly demonstrated stress-dependent mixture
characteristics.

Utilizing the creep-recovery test results, a series of processes was applied to identify linear
and nonlinear viscoelastic properties. Linear viscoelastic properties were characterized by the
Prony series based on the generalized Maxwell model, and nonlinear viscoelastic parameters
were successfully fitted to polynomial functions, which enables the representation of
individual nonlinear viscoelastic properties as a continuous function of stress levels.

At intermediate service temperatures such as 30°C, the rate-dependent fracture behavior was
obvious. Cohesive zone fracture properties varied as the loading rate changed.
Two-dimensional finite element simulations of a pavement structure showed significant
differences among the cases (linear viscoelastic vs. nonlinear viscoelastic with and without
fracture damage) in the prediction of pavement performance (both rutting and cracking).
Although test results and numerical simulations presented in this study are limited in their
ability to make definitive conclusions, performance differences observed between individual
cases are considered significant and should be addressed in the process of performance-based
pavement design. These findings imply the necessity of deliberate, accurate, and more

realistic characterizations of paving materials.
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