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ABSTRACT

Moisture damage in Asphalt Concrete (AC) is not new but an unsolved problem. For
decades laboratory studies have been conducted on both loose and compacted mix to
understand the effects of moisture on the AC damage. Adhesive and cohesive damages
are the two major types of damages occur inside the AC. Adhesive damage is a
separation between aggregate and coated mastic or matrix materials and cohesive damage
is the degradation of strength of matrix materials within the AC samples. In this study,
Finite Element Method (FEM) modeling technique is used to identify initiation and
progression of adhesive and cohesive damage. In addition, the effects of moisture in the

mastic materials (i.e. mixture of fines passing no. 200 sieve and asphalt binder) are

Vi
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determined by laboratory investigations since mastic materials govern the mechanical

properties of AC.

The asphalt mastic-aggregate interface damage is quantified using FEM and traction
separation law. Model parameters are determined from laboratory pull-off and strength
testing of mastic materials. The contact stress is significantly higher in dry conditioned
mastic-aggregate interface than in the wet conditioned interface for all load magnitudes
and patterns. Lower contact stresses are one of the reasons for higher mastic-aggregate
interface damage under wet condition. That is, Lower contact stresses are responsible for
de-bonding at the interface. It is shown that 6.8% (% perimeter) interface de-bonding
occurs in dry sample. On the other hand, about 49.1% interface de-bonding occurs in wet
conditioned sample. Adhesive damage is significantly higher under the wet condition,

since interface region is the weakest considering the whole domain.

Cohesive damage is determined by maximum stress criteria, which indicates that a
material is damaged when it reaches the maximum strength. Cohesive damage initiates at
the top of matrix and then damage propagates towards the bottom of matrix and matrix-
aggregate interface. Moisture causes 62.8% more damage in the matrix materials when

considering only the matrix materials under the applied deformation region.

In addition, pull-off test and shear tests are conducted on the mastic film under different
Relative Humidity (RH%) conditions. Mastic films show flexible behavior due to high
RH% conditioning and brittle behavior due to low RH% conditioning in pull-off tests.
Increase in elasticity at high RH% conditioning causes a decrease in viscosity in mastic

films. Decrease in viscosity of mastic materials causes binding inefficiency between

vii
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aggregates due to lack of bonding forces. Damage causes due to binding inefficiency,
which results in lack of bonding within asphalt binder and between asphalt binder and
aggregates. To support this argument, nanoindentation tests are performed on the mastic
materials. It is observed that, dry mastic follows linear Burgers and wet mastic follows
Maxwell or modified Maxwell viscoelastic mechanical model. Wet mastic shows high
viscous depth (i.e. low viscosity) compare to the dry mastic. In addition, Maxwell model
does not show any retardation strain. Hence, it is proved that moisture takes away viscous

effects from the AC and causes damage.

viii
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Moisture damage in Asphalt Concrete (AC) is an unsolved problem. AC consists of
asphalt binder, aggregate, and fines. The fines are defined as the material passing #200
sieve (0.075 mm). Asphalt binder creates a thin film or coating around the aggregate
particles and fines. Indeed, the fines become trapped inside an asphalt binder film, which
is also known as mastic. In this study, the mixture of asphalt binder and aggregates
passing a #4 sieve (4.75 mm) and retained on a #200 sieve is called matrix. Thus AC can
be defined as coarse aggregate (retain on #4 sieve) coated with mastic material and
surrounded by matrix material. Characterization and modeling of moisture-induced

damages in mastic and matrix are the main topics of discussion in this study.

Moisture-induced damage in asphalt concrete can be attributed to two primary
mechanisms, namely, the loss of adhesion, and the loss of cohesion (Figure 1). Loss of
adhesion, also called stripping, is caused by the breaking of the adhesive bonds between
the aggregate surface and the mastic primarily due to the action of water (Tarefder and
Zaman 2010). Loss of cohesion is caused by the softening or breaking of cohesive bonds
within the matrix or mastic due to the action of water. The phenomena of adhesive and
cohesive damage are shown schematically in Figure 1. Figure 1(a) shows a fresh sample
of AC, which has not been subjected to any moisture-induced damage. Figure 1(b) shows

loss of bonding within the matrix material (cohesive) and at mastic-aggregate or matrix-
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aggregate interface (adhesive). Damages within the aggregate can be considered
negligible and is not addressed in this study. The mechanisms of initiation (location and
cause) and propagation (path, cause, and extent) of moisture-induced damages in matrix
and mastic-aggregate interface are not known and therefore, addressed in this study

through laboratory testing and Finite Element Method (FEM) modeling.

Damage within the mastic and/or at mastic-aggregate interfaces has been studied by
several researchers (Scarpas 1997, Masad et al. 2001, Sadd et al. 2003, Kim and Little
2004). Lytton and his co-workers developed a phenomenological model that relates the
compressive strength reduction in dry and wet conditions during cyclic loading to the
work of adhesion, and the percentage of the aggregate surface area that has been exposed
to water during testing (Cheng et al. 2002). Damage in mastic material due to diffusion of
moisture under load and water flow has been thoroughly investigated (Kringos and
Scarpas 2005, Kringos et al. 2007). Moisture-induced mastic-aggregate interface strength
has been determined by pull-off tests (Kringos et al. 2008a). In addition, an empirical
relation between moisture content and damages in mastic-aggregate interface has been
developed (Kringos et al. 2008b, and 2008c). Caro et al. (2010a) focused on mastic film
rupture due to moisture diffusion, dispersion, and desorption. It has been observed that
fracture progresses through the mastic-aggregate interfaces due to long term diffusion
action under loading conditions. Chang et al. (2003) determined the relationship between
aggregate and asphalt surface characteristics under dry and wet conditions from surface
energy point of view. It has been shown that moisture conditioned aggregate and asphalt
binder has lower surface energy than unconditioned samples. Lower surface energy might

cause moisture-induced damages in asphalt concrete. Tarefder et al. (2009) carried out
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detailed investigations of crack growth through predefined notches in moisture
conditioned asphalt concrete by laboratory testing. A semi-circular notched sample was
loaded diametrically. It was shown that the crack propagates predominantly through the
matrix materials and through the interface of matrix and aggregates upon moisture-
conditioning. Also Tarefder and Arifuzzaman (2010) conducted nanoscale indentation
testing on moisture conditioned mastic and aggregate for determining strength by
considering contact mechanics. Significant reduction in hardness and Young’s modulus
of moisture conditioned mastic materials was observed. They also performed atomic
force microscopy tests on moisture-induced asphalt binder using a chemically
functionalized tip to understand moisture damage. They reported that moisture
conditioned asphalt binders have less adhesive force than unconditioned binders. Moraes
et al. (2011) studied bond strength between asphalt-aggregate interfaces under moist
conditions using pull-off tests in the laboratory. Moisture induced asphalt binders showed
adhesive failures due to pull-off force. Also moisture conditioned asphalt binders
required less pull off forces. The pull-off test results ware verified using FEM modeling
(Ban et al. 2011). Theories based on the principles of fracture mechanics have recently
been employed to model and predict moisture-induced damage in asphalt concrete under
indirect tensile loading (Birgisson et al. 2007). These studies suggest that a single
parameter such as the ratio of indirect tensile strength of wet and dry sample is not
sufficient to evaluate the complex interactions involved in moisture damage. Birgisson et
al. (2007) used dissipated creep strain energy, tensile strength and stress to assess

moisture induced damage.
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None of the previous studies have identified the location and causes of adhesive and
cohesive damage initiation, nor examined how damage progresses in the matrix and
mastic-aggregate interfaces. In addition, it is not known what type of damage (cohesion
or adhesion) caused easily due to mechanical action of water and loading. Specific
measures and/or reinforcement can be done to prevent premature damages in AC if
mechanisms of damage initiations and progressions within the mastic-aggregate interface

and matrix materials can be identified.

A though laboratory test results provide a good assessment regarding moisture sensitivity
of mastic and matrix materials, it is still difficult to understand initiation and progression
of adhesive and cohesive damages in AC pavements through laboratory testing.
Numerical modeling could overcome this limitation. FEM models based on damage
mechanics are developed for such purpose in this study. Specifically, macro scale testing
is conducted on mastic samples by applying static load under dry and wet conditions.
Moisture damage is evaluated based on the laboratory test results (i.e. load, displacement,
damage). A damage parameter in the model accounts for adhesive and/or cohesive
damages due to mechanical action of water and loading. The simulation output, which is
damage, is used for understanding the damage initiation and progression of moisture
interactions with matrix and mastic-aggregate interfaces. Laboratory tests are conducted
on mastic materials at different Relative Humidity (RH%) to determine the effects of
vapor in the material. Laboratory test results are use for model validation. The following

two hypotheses are proposed for this study.
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1.2 Hypothesis

1.2.1 Hypothesis One

The mechanics of initiation and progression of moisture-induced adhesive and cohesive
damage at the mastic-aggregate interface and inside the matrix are not known. It is
hypothesized that adhesive and cohesive damage in mastic-aggregate interface can be
studied by developing FEM models. Adhesive damage due to moisture can be identified
by computing contact status between mastic-aggregate interfaces. Cohesive damage due

to moisture can be identified by determining strength degradation of the matrix.

1.2.2 Hypothesis Two

Conventional indirect tensile tests only compare the strength between undamaged and
moisture-induced damaged samples. It is unknown what moisture causes inside the
material. It is hypothesized that causes of damage in mastic material due to moisture can
be determined by conducting direct pull-off and shear tests at small scales, and
nanoindentation tests. The change in material properties such as strength and
displacement measured at different vapor concentration conditions can be used to identify
the change that are caused by moisture in mastic material. This result can be validated by

nanoindentation tests by developing viscoelastic mechanical models for mastic materials.

1.3 Dissertation Organization

The dissertation consists of eight chapters. Chapter 1 describes problem statements and
hypotheses. Chapter 2 summarizes the literature review on material damage theories and

laboratory tests of AC. Chapter 3 describes laboratory tests and FEM models conducted
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for demining mastic-aggregate interface damage. Chapter 4 describes laboratory tests and
FEM models conducted for determining damage in matrix material. Chapter 5 describes
FEM models for determining matrix-aggregate interface damage. Chapter 6 describes
laboratory tests to determine damage in mastic film. Chapter 7 describes nanoindentation
tests on mastic materials for developing viscoelastic mechanical models. Finally, Chapter

8 summarizes conclusions of this study and provides recommendations for future study.
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Adhesive damage
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(b) Loss of bonding

Figure 1.1 Schematic of adhesive and cohesive damages in asphalt concrete
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CHAPTER 2

LITERATURE REVIEW

2.1 General

This chapter describes available damage models for different materials such as ductile
materials, fiber reinforced composite materials, and visco-elastic-plastic materials.
Different methodologies for determining damages in Asphalt Concrete (AC) are
described. The laboratory tests to predict moisture-induced damages in AC are

summarized.

2.2 Introduction

Damages in materials have been studied for decades. According to Lemaitre and
Desmorat (2005), Kachanov first introduces the term y and called it “continuity” as a
field variable in the year of 1958. It has been mentioned that Kachanov used D = (1-y) as
an internal state variable where 0<D</. Later, the term D is considered as damages in
materials due to applied load. It has also been mentioned that Robotnov first introduces
the concept of effective stress in the year 1968. Robotnov noticed that load carrying
capacity of a material reduces due to applied load. Though, basic developments of

damage mechanics have been occurred in 1970.

According to Krajcinovic (1996, 2002), a solid is considered to be damaged if some of
the bonds connecting parts of its microstructure are missing. Bonds between the
molecules in a crystalline lattice may be ruptured, molecular chains in the polymers

broken and the adhesion at the fiber-matrix interface lost. Also, a large number of micro-

8
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cracks are randomly scattered over a large part of an impaired volume such that volumes
loose partially the ability to transfer the momentum and fracture strength. Talreja (1994)
refers damage as collectively to all entities of characteristic of objects in microscopic
size, which are capable of changing their characteristic dimensions under the mechanical
loading. In addition, Talreja (1994) added that, a damage entity is an individually
identifiable change in the microstructural constitution of a solid which is brought about
by an internal energy dissipative mechanism. Finally, damage is defines as a collection of

all damage entities or, equivalently, as the set of all damage modes present in a body.

2.3 Damage in Ductile Materials

Materials show considerably larger plastic deformation before failure is known as ductile
materials. For an example, steel is a ductile material. According to Bonora (1999), upon
loading, microvoids are formed in ductile materials as a consequence of cracking or
matrix debonding of the embedded brittle inclusions such as Carbides or Sulfides. Void
nucleation as a particle is strongly dependent upon how the particle is bonded to the
ductile matrix. If the bonding is weak, void will nucleate at low stresses and low strains
and vice versa. Different criteria of ductile damages are presented below. The models are

described and summarized from the ABAQUS (2009) manuals.

2.3.1 Porosity Model

The porosity model is also known as Gurson model. The Gurson model assumes that
there is only one spherical void which is equivalent to the effective void distribution in

the materials, in a ductile homogeneous and incompressible matrix. The material is
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considered to be a rigid-perfectly plastic; the voided cell is under fully plastic and axi-

symmetric deformation mode.

Oy Oy

Geq ’ 3 m 2
F:(—J +2fcosh(2J ]—(1+f ) (2.1)

where o, =equivalent von Mises stress, calculated from the macroscopic Cauchy stress

tensor o and its deviator s;. o, = hydrostatic part of o =(al+az+a3)/3 and o, =

flow stress (current yield stress) of the matrix material, f is the porosity with is a ration of

volume of void with total volume.
2.3.2 Continuum Damage Model

Continuum Damage Model (CDM) differs from the porosity-based models, because
damage is one of the state variables, and its evolution is given by an equation function of
the associated variables. In CDM, damage is the variables that are indirectly linked to the
void growth process, in fact, in this framework it is not important in which way the single
void is evolving of how many voids are coalescing while others are nucleating.
Therefore, damage takes into account the progressive degradation of the material
properties and the loss of performance in stiffness loss due to the irreversible processes
associated with micro structural modification such as void formation and growth, micro

cracking of brittle inclusions and their mutual interactions.

A physical definition of the damage variable can be given by considering that the

presence of a damage state in the Reference Volume element (RVE) reduces the effective

10
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resisting nominal area. Assuming, for simplicity, isotropic of the damage state, it is

possible to write the following scalar expression:

i
D=1-—1C 2.2
A (2.2)

where, Ag is the nominal section area of an RVE and A the effective resisting section
area reduced by damage. The definition of effective stress allows the damage variable D

to be expressed as a function of the material stiffness reduction:

(2.3)

The damage variable D is coupled with the plastic strain. Plasticity damage is related to
the irreversible strain at the micro level and meso level. Damage phenomena are localized
on the material micro scale and their effects remain confined until the complete failure of
several RVEs occurs with the appearance of a macroscopic crack. Damage affects only

stresses; the total strains are the same on both the macro scale and micro scale.
2.3.3 Johnson-Cook Damage Model

Johnson-Cook criteria is a special form of ductile damage where the equivalent plastic

strain sg’ Is assumed to be the form of,

£8 =[d, +d, exp(~dgy) ]| 1+d, In| | |(1+0,0) (2.4)

&0

11
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Where, d;-ds is the failure parameter, sois the reference strain rate and 0 is a non-

dimensional temperature defined as,

0 f0r (9 < etransition
0= (9 - etransition )/(emelt - etransition) for etransition <0< Hmelt (25)
for 6>6

melt

where, 0 is current temperature, Gneir Is melting temperature and Gyansition 1S the transition

temperature is defined as one at or below which there is no temperature dependence on

the expression of the damage strain &'

2.3.4 Shear Damage Model

The shear criterion is a phenomenological model for prediction the onset of damage due

to shear band localization. The model assumes that the equivalent plastic strain at the

onset of damage is & is a function of shear stress ration and strain rate.

Pl [95 ,gmj (2.6)

here, the shear stress ratio 6, can be expressed as,

(a+k.p)

r

0 =

S

(2.7)

max

where, 7., is the maximum shear stress, ks is the material parameter.

12
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2.3.5 Formation Limit Diagram Criterion

Necking instability is an important factor for sheet metal forming process. The size of the
local neck region is typically the order of the thickness of the sheet and the local neck is
rapidly leads to fracture. The conventional damage criteria are not applicable for necking
instability modeling. The Forming Limit Diagram (FLD) is a useful concept to determine
the amount of deformation that a material can withstand prior to the onset of necking
instability. The maximum strains that a sheet material can sustain prior to the onset of
necking are referred to as the forming limit strains. A FLD is a plot of the forming limit
strains in the space of principal (in-plane) logarithmic strains. In the discussion that
follows major and minor limit strains refer to the maximum and minimum values of the
in-plane principal limit strains, respectively. The major limit strain is usually represented
on the vertical axis and the minor strain on the horizontal axis, as illustrated in Figure 2.1.
The line connecting the states at which deformation becomes unstable is referred to as the
Forming Limit Curve (FLC). The FLC gives a sense of the formability of a sheet of

material.

The damage initiation criterion for the FLD is given by the condition wr p=1, where the
variable wrp is a function of the current deformation state and is defined as the ratio of
the current major principal strain, emajor, to the major limit strain on the FLC evaluated at

the current values of the minor principal strain, eminor.

2.3.6 Forming Limit Stress Diagram Criterion

When strain-based FLCs are converted into stress-based FLCs, the resulting stress-based
curves have been shown to be minimally affected by changes to the strain path; that is,

13
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different strain-based FLCs, corresponding to different strain paths, are mapped onto a
single stress-based FLC. This property makes Forming Limit Stress Diagrams (FLSDs)
an attractive alternative to FLDs for the prediction of necking instability under arbitrary

loading.
2.3.7 Marciniak Kuczynki Criterion

In Marciniak Kuczynki (M-K) analysis, virtual thickness imperfections are introduced as
grooves simulating preexisting defects in an otherwise uniform sheet material. The
deformation field is computed inside each groove as a result of the applied loading
outside the groove. Necking is considered to occur when the ratio of the deformation in
the groove relative to the nominal deformation (outside the groove) is greater than a

critical value.

Figure 2.2 shows schematically the geometry of the groove considered for M-K analysis.
In the figure, a denotes the nominal region in the shell element outside the imperfection,

and b denotes the weak groove region. The initial thickness of the imperfection relative to
the nominal thickness is given by the ratio f, =t§/ta, with the subscript 0 denoting

quantities in the initial, strain-free state. The groove is oriented at a zero angle with

respect to the 1-direction of the local material orientation.

The onset of necking instability is assumed to occur when the ratio of the rate of
deformation inside a groove relative to the rate of deformation if no grooves are present

is greater than a critical value.

14
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2.4  Damage in Fiber Reinforced Composite Materials

The composite materials show different damage scenario than the conventional materials.
Both the fiber and matrix shows damages. Damage is characterized by the degradation of
material stiffness. Many such materials exhibit elastic-brittle behavior; that is, damage in
these materials is initiated without significant plastic deformation. Consequently,
plasticity can be neglected when modeling behavior of such materials. Four different

modes of failure are considered for fiber reinforced composite materials:

1. Fiber rupture in tension

2. Fiber buckling and kinking in compression

3. Matrix cracking under transverse tension and shearing, and
4. Matrix crushing under transverse compression and shearing.

The response of the composite material is computed from

oc=C,¢ (2.8)

Where, ¢ is the strain and Cq is the elasticity matrix, which reflects any damage and has

the form:
(1-d)E, (1-d)(1-d,)vE, 0
1
C, -5 (1-d)(1-d,)v,E, (1-d,)E, 0 (2.9)
0 0 (1-d,)GD

where, D=1-(1-df)(1-dy)v12v21, s reflects the current state of fiber damage, dy, reflects the

current state of matrix damage, ds reflects the current state of shear damage, E; is the

15
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Young's modulus in the fiber direction, E, is the Young's modulus in the direction

perpendicular to the fibers, G is the shear modulus, and v1, and v,; are Poisson's ratios.

2.4.1 Interface Damage

The failure of the fiber/matrix interface is the principal source of damage. This failure is
determined by a local criterion which combines the normal and the shear stresses by a
linear relation. Because the interfacial damage is distributed statically as a function of the
spatial distribution of the microstructure, the local interface failure criterion must be

written in a statistical form,

pr(Z)zl-exp(—“;iﬂfjn (2.10)

where, Pr denotes the interface failure probability relative to a given interfacial stress
state o and 7. o and 7 are the normal and the shear stress at the interface which are a
function of the macroscopic stress, >, and of the fiber orientation. g is a coupling
parameter and Ri denotes the interfacial strength and n is the statistical parameter. The
knowledge of g, Ri and n denotes completely the statistical interface failure criterion. The
three parameters of the interface criterion are numerically identified by using the

micromechanical model to fit the experimental results.
2.4.2 Matrix Damage

The assumption is that the damage or failure of the specimen takes place by the
coalescence of the micro-cracks initiated in the matrix from the broken particles. It is

necessary to have knowledge of the stress and strain fields close to the broken particles in
16
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order to elaborate a failure criterion. It has been observed that the damage occurs around

the precipitates in the matrix including cavities growth.

2.5  Damage for Elastomers

The elastomer damage is described by Mullin effect. The Mullins effect material model is
intended for modeling the phenomenon of stress softening, commonly observed in filled
rubber elastomers as a result of damage associated with straining. When an elastomeric
test specimen is subjected to simple tension from its virgin state, unloaded, and then
reloaded, the stress required on reloading is less than that on the initial loading for
stretches up to the maximum stretch achieved during the initial loading. This stress-
softening phenomenon is known as the Mullins effect. Stress softening is interpreted as
being due to damage at the microscopic level. As the material is loaded, damage occurs
by the severing of bonds between filler particles and the rubber molecular chains.
Different chain links break at different deformation levels, thereby leading to continuous
damage with macroscopic deformation. An equivalent interpretation is that the energy

required to cause the damage is not recoverable.

The stress-strain behavior of loading and unloading of an elastomer is shown in Figure
2.4. The primary loading path is abb’ of a previously unstressed material with loading
until an arbitrary point b’ is reached. On unloading from b’, the path b’Ba is followed.
When the material is loaded again, the softened path is retraced as aBb’. If further
loading is then applied, the path b’cc’ is followed, where b’cc’ is a continuation of the
primary loading path abb’cc’ (which is the path that would be followed if there was no

unloading). If loading is now stopped at c’, the path c’Ca is followed on unloading and

17
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then retraced back to ¢’ on reloading. If no further loading beyond c’ is applied, the curve
cCc’ represents the subsequent material response, which is then elastic. For loading
beyond c¢’, the primary path is again followed and the pattern described is repeated. This

is an ideal representation of Mullins effect.

2.6 Asphalt Concrete Pavement Damage Models

AC pavement is consists of asphalt, coarse aggregates, fine aggregates, fines and air
voids. Asphalt is used as a bonding agent in asphalt concrete. Both coarse, fine
aggregates and fines are necessary for good bonding and appropriate compaction in the
asphalt concrete. Asphalt is heated up to appropriate temperature before mixing with hot
course and fine aggregates. AC pavement experiences dynamic load from traffic. The
load is taken care by the interlocking force of aggregates and adhesive/cohesive forces of
aggregate and asphalt. AC pavement also experiences environmental load in addition to
traffic load. The environmental load comes from different sources of water/ice, oxidation
and temperature. The sources of water could be rainfall, seepage flow, capillary flow etc.
Water passes through the asphalt film by diffusion process and get into contact with
aggregates. Aggregates then absorb water until it becomes saturated. Aggregates and
asphalt get weak upon presence of water due to chemical reaction between aggregate
minerals and asphalt functionalize groups. Contentious interaction with moisture weakens
both asphalt and aggregates. The result is damages in cohesive and adhesive interactions.
Progressive damage causes failure. The damages between the asphalt-aggregate
interfaces occur in micro scale level and progress to macro scale level. The strength of
pavements decreases and continuous degradation of materials cause ultimate failure of

pavements.

18

www.manaraa.com



Pavement damage models are primarily described with constitutive models. There are

two different models have been described in the literature. The models are,

1. Visco-elastic-plastic modeling of asphalt concrete

2. Unified disturbed state constitutive modeling of asphalt concrete

The models described the asphalt’s behavior with temperature and loading conditions.

Until now no constitutive model is available for predicting moisture-induced damages.

2.6.1 Constitutive Model of Asphalt

According to Wang (2011) the constitutive equations are actually a set of
phenomenological relationships between cause and effect such as stress and strain. For
the case of asphalt, the relationship of stress and strains are not straight forward due to its
viscous properties. Two common behaviors are observed in viscoelastic asphalt materials,
one is creep and other is stress relaxation. Creep is time dependent strain function under a
constant stress. For a certain temperature, under constant stress the strain increases with
time. On the other hand the stress relaxation is the time dependent stress under a constant
strain. For a certain temperature, under constant strain the stress decreases with time. The

stress-strain relationship for viscoelastic material can represents as,

o(t)=[c(t-t) Fanll (2.12)

where a(t) is stress with is a function of time, C is relaxation modulus, t is time

variable, t” is reference time variable and g(t') is strain function of time.

19
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2.6.2 Visco-Elastic-Plastic Continuum Damage Model

Kim (2009) described the Visco-Elastic-Plastic Continuum Damage (VEPCD) model.
The model is divided into two parts; viscoelastic and viscoplastic. The damage is based
on micro cracking due to strain caused by cyclic loading. Also the model can be
calibrated with Time-Temperature Superposition (TTS) principle with growing damage

to describe the effect of temperature in viscous materials.
The viscoelastic part of the damage can be presented as,

P =ER§D(§T)£C+‘S)]dT (2.12)

where Eg is the reference modulus, which is a constant and has the same dimension as the
relaxation modulus E(t). C(S) indicates that C is a function of single damage parameter S.
The damage is due to accumulation of elastic strains into the materials for a long time. D

is the creep compliance, 7 is integration variable and & is time.

The viscoplastic part of the damage model can represent as,

p+1 ¢ %F”l)
gvp=(p7”j% )Ua‘*dgj (2.13)

here p, q and Y are the model coefficients.

20
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2.6.3 Disturb State Constitute Model

Desai (2007) described the unified Disturbed State Constitutive (DSC) model for
pavement structures. The DSC model is based on the idea that the behavior of a
deforming material can be expressed in terms of the behavior of the Relative Intact (RI)
or continuum part and the micro cracked part called the Fully Adjusted (FA) part. During
the deformation, the transformation of RI to FA occurs due to microstructural changes
caused by relative motions as translation, rotation and interpolation of the particles and

softening or healing at the micro level. The simple expression of the DSC model is,
do® =C"de (2.14)

where o and ¢ is the stress and strain vectors, respectively, a is observed RI responses,

CP is constitutive matrix, D is disturbance and assumed as scalar. If there is no damage

(i.e. D=0), then the equation rewrite as,
do' =C'dé (2.15)

where C' represents elastic, elastic-plastic, or visco-elastic-plastic responses. The

parameter D can be computed using the following equation,
D =D, (1—e-’*fé ) (2.16)
where, A, &, and Z are the disturbance parameters. &p is the deviatoric strain component.

&, = [ (dEp dEP) 217)
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where dE? is deviatoric plastic strain.

2.6.4 Surface Energy Based Damage Model

Cheng et al. (2003) developed an adhesion failure model based on surface energy theory
and moisture diffusion model based on results from Universal Sorption Device (USD)
testing. Adhesive strength is influenced by surface energies of asphalt and aggregate,

surface texture of aggregate, and the presence of water.

The surface energy in an asphalt aggregate system is primarily composed on a nonpolar

component and an acid-base component.
r=r""+1" (2.18)

where T is the surface energy of asphalt or aggregate, '™V is the Lifshitz-van der Walls

AB

component of surface energy, I'™" is the acid-base component of surface energy. The

surface energy of adhesion between two different materials can be expressed as,
a aLw aAB
AGy =AG[™ +AG] (2.19)

where AG;™" is the non polar part of the surface energy of adhesion and can be

expressed as,

AG" =2, /riLWrJFW (2.20)

aAB +- -1+
AG® =2,|TTT; +2,|T T (2.21)
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where I is the Lewis acid component, 7™ is the Lewis base component. The subscripts i

and j represent the asphalt and aggregate, respectively.

For general case, the surface energy of adhesion for two different materials in contact

within a third medium can be expressed as,

AGlazs =T+ T,
= 2rt 4 2T 2, [T T 4 ariT, - 2T (Jr; +«/r;) (2.22)

2T, (\/ﬁ +Jr; ) + 2T, + 21T

where, subscripts 1, 2, and 3 can be represent as asphalt, aggregate and water

respectively.
2.6.5 Moisture Diffusion Model

Diffusion is the flow at a molecular level under the influence of an appropriate property
gradient. The steady-state form of Fick's first law states the relationship between the flux

of moisture and the concentration gradient. Fick's first law can be expressed as,

oc
Fo —D(&j (2.23)

where F is the flux of moisture (kg/m? sec), with is the rate of transfer per unit area of
section, ? is the gradient of concentration ¢, D is the coefficient of proportionality and
X

the negative sign indicates that the flux occurs in the direction of decreasing c.
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Crank (1975) derived a diffusion equation for a sheet of material or membrane as

described below.

[D(2m+1)2/z2t]
hZ

800
__2

(2.24)
oo 7 I’TI:O 2m +1

where M; is the total amount of vapor absorbed by the sample at time t, M., is the
equilibrium sorption attained when the sorption curve reach a constant value, and h is the

sample thickness.

Kringos et al. (2008b and 2008c) mentioned that the assumption of the equation is the
sheet of mastic is immediately placed in the vapor and that each surface attains a
concentration value corresponding to the equilibrium moisture capacity M., for the vapor
pressure existing and remain constant afterward. In Mt/Mew=0.5, which is called “half

time” of the sorption process then the previous equation turns to,

D=0.049—1 (2.25)

B

h?

The moisture diffusion model is based on adsorption and absorption of water in asphalt
film. The term adsorption means to gather (a gas or liquid) on a surface in condensed
layer. On the other hand absorption means to incorporate. In the first stage both
adsorption at the asphalt surface and absorption within the asphalt occur simultaneously.
In the second stage, adsorption on the surface of the asphalt comes to equilibrium but

absorption continues and eventually becomes constant. The second stage can be

expressed by,
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-3Dt
W= W, (1—e 5 ]+C (2.26)

where W is the measured water mass, Wi is the maximum absorption of asphalt film, C
is the absorption constant at the vapor pressure level at which the measurement are made,

I is the layer thickness. The first stage can be expressed by,
-3Dt
W =W, (l—e a ]—G—Wa (1-e) (2.27)

2.7 Finite Element Method Model

The Finite Element Method (FEM) is a numerical method for solving problems of
engineering and physics. The usefulness of this method is limited to structural analysis,
heat transfer, fluid flow, mass transport and electromagnetic potential. This method is
very useful for complicated geometry, loading and material properties where the
conventional analytical solution is limited (Logan, 2007). The fundamental of FEM is to
measure force/moment due to displacement/ rotation in a body specifically in a node of
an element or vice-versa. A structure is divided into small pieces and analyze individually
and then integrated to get the resultant for the whole structure. To get more accurate
results the number of elements is increased. Figure 2.5 shows a element with a force P;
at the corner node. The response in terms of stress or strain due to applied load can be

determined by FEM model.

The basic principle of FEM is based on the potential energy that is stored to a structure.

The potential energy is decreases due to application of external forces, decrease in body
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forces (i.e. gravitational forces and electromagnetic forces) and surface traction force.
According to Ugural (1991), the work done by external forces in producing deformation
is stored within the body as “Strain energy”. For perfectly elastic body no dissipation of
the energy occurs, and all the stored energy is recovered upon unloading. Let an element
is subject to a slowly increasing normal stress oyx. The element is assumed to be initially
free of stress. The cross sectional dimension is dy.dz. The force acting on the cross
sectional force is oy.dy.dz, elongates the element as amount of &,.dx, where & is the x-
direction strain. In the case of linear elastic material, ox=E.&x. The average force acting on
the element during the straining is 7/2 ox.dy.dz. Thus the strain energy U corresponding

to the work done by this force, 1/2 ox.dy.dz.e.dX, is expressed as,
1 1
du = P (dxdydz) = Eaxgxdv (2.28)

where dV is the volume of the element. The strain energy per unit volume, dU/dV, is

referred to as the “strain energy density”, designated Uy. So,

1 o’
U, =—0oc,¢6 =— 2.29
0 2 X“x 2E ( )

The quantity represents the area under stress-strain curve up to proportional limit.

The work equivalent finite element model with applied force can be expressed as,

11, = [[5Le Jio) o~ [JTLu) (B} o L R - JLu (T} L, 230)
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where, ¢ is the strain vector, o is the stress vector, u is the displacement vector, B is the
body force, d; is the displacement at node i, P; is the applied external force at nodeiand T

is the traction force over the surface. After discretization,

‘—LdJm [E1[b]d, {d} -0 IJJTINT {b}di =L, |- [[IN] (T},

(2.31)

where b is the differential matrix of shape function, E is the stiffness matrix, N is the
shape function matrix and the subscript T is the transpose of matrix. The dictionary
explanation of “traction” is the adhesive friction of body on some surface or attraction
power or influence. If the traction force between the aggregate surface and asphalt for
both dry and wet condition could measure, then FEM model can be generated using
commercially available software called ABAQUS. Moreover the damage between the

interaction surfaces can be evaluated.
2.7.1 Traction-Separation Damage Model

This law is applicable for cohesive elements. This law assumes that the traction-
separation behavior is linear up to the initiation and evolution of damage. The elastic
behavior is written in terms of an elastic constitutive matrix that relates the nominal
stresses to the nominal stains across the interface. The nominal stresses are the force
components divided by the original area at each integration point. On the other hand, the
nominal strains are the separations divided by the original thickness at each integration

point.
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The nominal traction stress vector, t, consists of three components t,, t; and t;. Three
corresponding separations are denoted by d,, Js, and o;. Ty is the original thickness of the

cohesive element. The nominal strain can be defined as,

£ =i; £ =§; gt=§ (2.32)
TO TO TO

tn Knn Kns Knt gn
t={t t=| K, K, K, [{e =Ke (2.33)
tt Knt Kst Ktt gt

The elasticity matrix provides fully coupled behavior between all components of the
traction vector and separation vector. The uncoupled behavior can be found by taking

zero for the off-diagonal terms.

2.7.1.1 Damage Initiation

As the name implies, damage initiation refers to the beginning of degradation of the
response of a material point. The process of degradation begins when the stresses and/or
strains satisfy certain damage initiation criteria that you specify. Several damage
initiation criteria are available and are discussed below. Each damage initiation criterion
also has an output variable associated with it to indicate whether the criterion is met. A

value of 1 or higher indicates that the initiation criterion has been met.

In the discussion below,t}, t7, and t’represent the peak values of the nominal stress

1 4y

when the deformation is either purely normal to the interface or purely in the first or the
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n?

second shear direction, respectively. Likewise, &’, &2, and & represent the peak values

of the nominal strain when the deformation is either purely normal to the interface or

purely in the first or the second shear direction, respectively.
2.7.1.2 Maximum Nominal Stress Damage Initiation Criterion

Damage is assumed to initiate when the maximum nominal stress ratio reaches a value of

one. This criterion can be represented as,

max{<t”> L t—t}:l (2.34)

0

S

The symbol ( ) represents the Macaulay bracket with the usual interpretation. The
Macaulay brackets are used to signify that a pure compressive deformation or stress state

does not initiate damage.

2.7.1.3 Maximum Nominal Strain Damage Initiation Criterion

Damage is assumed to initiate when the maximum nominal strain ratio reaches a value of

one. This criterion can be represented as,

max{<g”> & %}:1 (2.35)

2.7.1.4 Quadratic Nominal Stress Damage Initiation Criterion
Damage is assumed to initiate when a quadratic interaction function involving the

nominal stress ratios reaches a value of one. This criterion can be represented as,
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2
tt_g} 4 (2.36)

GRR

2.7.1.5 Quadratic Nominal Strain Damage Initiation Criterion

Damage is assumed to initiate when a quadratic interaction function involving the

nominal strain ratios reaches a value of one. This criterion can be represented as,

CRTRTE
&, & &

2.8 Moisture Damage Tests and Methods

Several test methods are available to quantify moisture damages into asphalt concrete.
Moisture damage tests are classified based on two major categories, qualitative tests and
quantitative tests. The first test done on loose mix was about in 1920 and on compacted

mix in about 1950 (Solaimanian et al., 2003).

2.8.1 Loose Mix Test

The following table gives short descriptions of available loose mix test,

Name of the test Short description Scope of the test

Methyne blue test  Find harmful clay and dust available If the aggregate has
into fine aggregate. Fine aggregates  montmorillonite-type clay
are immersed into Methyne blue and  then a good bonding
the color change of Methyne blue is  between asphalt and
recorder. The resulting color aggregates cannot be
indicates the presence of harmful achieved.
clay into the fine aggregate.
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Name of the test

Short description

Scope of the test

Film stripping test

Loose mix of asphalt-aggregate is
heated up to 60 °C for 15 to 18
hours. The sample is then cooled and
place into 175 ml of distilled water.
The sample is then rotate with a
speed of 35 rpm for 15 min.

The sample is then checked
under florescent light to
determine the stripping area
of aggregate.

Static immersion
test

Loose mix is cured for 2 hr. at 60 °C
and then cooled at room temperature.
The mix is then put into 600 ml of
distilled water for 16 to 18 hours.

The amount of stripping is
observed and measured with
establish criteria.

Dynamic
immersion test

Similar to static immersion test with
the curing time of 4 hr.

Since the immersion time is
increased the stripping also
increased.

Chemical
immersion test

The stone aggregate mixed with
asphalt are immersed with different
concentration of Sodium Carbonate
(Na,COs3). The concentration of
Sodium Carbonate is recorded when
the stripping of aggregate reaches
such an extent that the film on
aggregate does not exists, only
specks or droplets are visible. The
number of concentration is known as
Riedel and Weber (R&W) number,
ranges from 0O to 9.

The zero concentration
means distilled water and 1
concentration means 0.41
gm of Sodium Carbonate
into 1 L of water. The
concentration of Sodium
Carbonate increases in
double for every number of
R&W increment.

Surface reaction
test

A gas will produce by a reaction
with calcareous or siliceous minerals
of aggregate with acid. The pressure
created by the produced gas is
proportional to the exposed surface
area of stripped aggregate.

The aggregate coated with
asphalt stripped by some
means. Different amount of
stripping on surface will
give different pressure
value.

Quick bottle test

This test is done to check the amount
of antistripping agent used in the
plant mix. Kerosene or Naphtha is
used as a solvent of asphalt concrete.
Ottawa sand is heated for 140 °F and
the mixed with asphalt blend and
shake for 30 sec.

Asphalt sand mixture is
qualitatively checked for
coating of asphalt on sand
grain.

Boiling water test

The test is done with asphalt
aggregate loose mix with boiled in
water for 10 min.

Visual observation of
stripping is done after the
mix is cooled at room
temperature.
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Name of the test

Short description

Scope of the test

Rolling bottle
method

Aggregate coated with asphalt are
placed in jar of water and rotated to
achieve agitation.

Periodically visual
inspection of agitation is
made.

Net adsorption

Asphalt is absorbed onto aggregate
from a toluene solution, the amount
of asphalt remain in solution is
measured and the amount of asphalt
absorbed by the aggregate is
determined. Then water is added into
the solution and asphalt agitated
from aggregate surface.

The asphalt present in the
solution is measured and
remaining asphalt onto the
aggregate is determined.
The amount of asphalt
remaining on the surface of
aggregate is net adsorption
of asphalt.

Surface energy

The surface free energy for
aggregate is measured by universal
sorption devise. Also the surface free
energy of asphalt is measured by
Wilhelmy plate device by measuring
the dynamic contact angle between
asphalt and liquid solvent.

The cohesive strength of
asphalt itself is depends on
the surface free energy of
asphalt and the adhesive
strength is depends on the
surface free energy of
asphalt and aggregates.

Pneumatic pull-off
test

The tensile and bonding strength of
binder applied on glass surface as a
function of time while exposed into
water. A 66Kpa/sec pulling force is
applied onto 200 microns thick
asphalt at 25 °C.

The higher the soaking time
the less pulling force is
required to detach the
asphalt from the glass plate.

2.8.2 Compacted Mix Test

The following table gives short descriptions of available compacted mix test,

Name of the test

Short description

Scope of the test

Moisture vapor
sensitivity

Specimens are prepared in stainless
steel mold by kneading compactor.
The compacted surface of each
specimen is covered with aluminum
seal cap. The edges are sealed to
secure leak between the mold and
cap. The sample is then placed in to
60 °C temperature water for 75

After conditioning the
sample is tested in Hveem
stabilometer.
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hours.

Name of the test

Short description

Scope of the test

Immersion
compression

One group of dry and one group of
wet sample are used. The wet
samples are immersed for 4 days at
120°F. A quick test can be done by
immersing for 24 hr at 140 °F.

Compressive strength test is
done for specific
deformation rate and
temperature. The average
strength of conditioned
sample with dry sample is
used as an indicator of
moisture sensitivity in the
mix.

Marshall
immersion

Similar to the previous test
procedure, the conditioning is done.

Instead of compressive
strength test, Marshall
Stability test is used.

Freeze thaw
pedestal test

Aggregate passing #20 (0.85 mm)
and retained on #35 (0.5 mm) are
selected for this test to minimize the
variation of aggregate size in
standard mix. The mix is prepared at
150 °C with 5% asphalt content. The
specimen size is 41 mm in diameter
and 19 mm thick. The sample is
submerged for 3 days at room
temperature into distilled water.
Then the sample goes under thermal
cycles of 15 hrinto -12 °C and then
9 hr at 49 °C until it shows cracks.

The test stopped until the
crack is shown.

Original Lottman
indirect tensile test

One group of dry and one group of
wet sample are prepared. The size of
the sample is 4" in diameter and 2.5"
thick. The conditioning is done
initially for vacuum saturation with
26 in mercury vacuum for 30 min
followed by 30 min at atmospheric
pressure. The accelerated freeze—
thaw saturation is done by putting
sample into water bath for 0 °F for
15 hr followed by 140 °F for 24 hr.
thermal cyclic conditioning can also
be done.

After conditioning the
sample is tested for tensile
resilient modulus or indirect
tensile test at 55 °F with
0.065"/min loading rate or
73 °F with 0.150"/min
loading rate. The sensitivity
of moisture is measured by
determining the strength
ratio of wet and dry.

Modified Lottman
indirect tensile test

The first difference between the
original and modified Lottman test is
the vacuum saturation is continued
until the saturation level reached to

Higher loading rate and
temperature is selected for
doing the test in Marshall
stability tester.
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70% to 80% range. The second
difference is the loading rate and the
testing temperature. The modified
test requires 0.065"/min loading rate
for 55 °F or 2"/min loading rate for
77 °F.

Tunicliff-Root

This test is comparable with
modified Lottman test except, curing
of loose mixture at 60 °C for 16 hr is
eliminated.

ECS with resilient
modulus

This test incorporates temperature,
moisture saturation and dynamic
loading into compacted sample. In
addition the effect of pour water
pressure can be determined under
dynamic loading. 102+4 mm
diameter and 102+4 mm thick
sample with 7.5%0.5% air void
containing sample are prepared. Air
permeability is done by 68 kpa
vacuum pressure inside the
environmental conditioning
chamber. Resilient Modulus (Mg)
tests then done with haversine wave
loading with loading period 0.1 sec
and rest period 0.9 sec. After
measuring the Mg, the sample is then
saturated with pulling deaired
distilled water through sample. The
saturated sample’s Mg is determined
at 60°C.

If the ratio of conditioned
sample Mg is less than 70%
of unconditioned sample
Mg then the sample is
moisture susceptible. This
test took longer time for
conditioning but it can
simulate field conditions.

Asphalt pavement
analyzer/ Humburg
wheel-tracking
device

The test measures combining effects
of rutting and moisture sensitivity
under wheel pressure. Four cubical
or beam shape sample are used. Two
wheels pass back and forth for
20,000 times or 20 mm of
deformation is recorded on the
sample. The results are plotted with
cycles number as independent
variable and deformation as
dependent variable.

Three stages of deformation
are classified. The pre-
compaction stage is up to
1000 cycle, creep slope is
the number of repetition to
create 1 mm of rut depth,
and the stripping slope is
represented by the line after
sudden change in the
deformation. The
intersection of creep slope
and stripping slope is
known as stripping inflation
point.
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Name of the test

Short description

Scope of the test

Environmental
conditioning
system/ Simple
performance tests

Environmental conditioning system
test can be tied up with Dynamic
Modulus test, flow number test and
flow time test. Dynamic modulus
test is done with sinusoidal
compression loading under five
standard temperatures (i.e. =10 °C,
4.4 °C, 21.1 °C, 37.8 °C) and six
standard frequencies (0.1, 0.5, 1.0, 5,
10, and 25 Hz).

If the sample can be
moisture conditioned by
ECS then dynamic modulus
test can be done and field
condition can be simulated.

Moisture induced
stress testing
(MIST)

With a pressurized chamber water is
pushed and pulled through a
compacted asphalt sample creating
pore pressure buildup and hydraulic
scouring.

Indirect tensile test or
simple performance test can
be performed on the MIST
conditioned sample.
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Figure 2.1 Forming Limit Diagram (FLD)

36

www.manharaa.com




a Thickness, t%

Thickness, t°

Figure 2.2 Imperfection model for M-K analysis
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Figure 2.3 Generalized Mullin effect
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Figure 2.4 A finite element with an applied force at a single node
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Figure 2.5 Graphical representation of traction-separation model
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CHAPTER 3

DAMAGE AT MASTIC-AGGREGATE INTERFACE

3.1 General

This chapter deals with the adhesive damage at mastic aggregate interface. Adhesive
damage is defined as the separation at the interface of two materials. This chapter has
been published in the peer-reviewed journal name International Journal of Pavement
Engineering with the title “Quantifying Moisture Damage at Mastic-Aggregate

Interface”. A copy of the journal is given in the Appendix A.

3.2 Introduction

Adhesion damage is the separation between the aggregate and asphalt binder at the
interface locations. Adhesion failure is also known as stripping or de-bonding. On the
other hand, cohesive damage is stiffness degradation within the asphalt materials
(Mohamed 1993; Hao and Hachiya 2003, Tarefder and Yousefi 2012). When aggregate is
mixed with hot asphalt, asphalt binder makes a coating around the aggregate surface. The
coating is made up of asphalt combined with fine particles. The combination of asphalt
and fine particles that passes through #200 sieves is called mastic. Figure 3.1 shows
generalized phenomena of adhesive and cohesive damages in asphalt. Figure 3.1(a)
shows aggregate coated with mastic. Figure 3.1(b) shows mastic coating on some portion
is worn out, which resembles cohesive damage. Figure 3.1(b) also shows that there is no

mastic at some aggregate surface locations, which resembles adhesive damage. The
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weakening of mastic-aggregate interfaces (i.e., adhesive damage) under dry and wet

conditions is modeled in this study.

In the past, a number of researchers have studied asphalt damage using FEM. Most of the
FEM study consider a pavement section and subjected to traffic loading condition (Kim
et al. 2008, Desai 2009). However, very few of them address how damage initiates in the
asphalt components such as matrix, mastic and aggregate interface. For example, Kim et
al. (2009) developed visco-elastic-plastic continuum damages under tension and
compression loading of asphalt concrete. However, their model is unable to differentiate
the adhesive and cohesive damages at mastic-aggregate interfaces and within the material
itself. Desai (2001) has developed a Disturbed State Concept (DSC) model to predict
damage in asphalt concrete. Though DSC was used to quantify damage as a disturbance,
DSC model has never been used to predict the degradation stiffness at mastic-aggregate
interface. Recently, Kringos et al. (2008c) and Kringos and Scarpas (2008) have
conducted FEM study considering mastic-aggregate interface. These studies determined
moisture damage due to diffusion through mastic and aggregates. Mainly stress variations
within the materials due to selected diffusion rate of moisture are observed in their
studies; however, they are not directly related to the quantification of damages at mastic-

aggregate interface.

3.3  Concept of Damage

Different definitions of damages have been introduced based on constitutive behavior of
materials. According to Krajcinovic (1996), a material is said to be damaged if (i) some

of the bonds connecting the parts of its microstructure are missing, (ii) the bond between
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the molecules within the materials is ruptured, (iii) the molecular chain in a polymer is
broken, or (iv) the adhesion between two materials is lost. The classical damage models
are based on micro voids extension and coalescences concepts, which are also known as
porosity based models (Bonora 1999). The continuum damage models are based on

reduction in strength due to breakdown of molecules or changes in molecular structures.

The degradation of strength at the interfaces of mastic and aggregate is the primary
indication of moisture damages in asphalt (Tarefder and Yousefi 2012, Tarefder and
Arifuzzaman 2011, Caro et al. 2010a, Kringos et al. 2008a, Bhasin et al. 2006). This
phenomenon is characterized using traction-separation damage law in this study. For a
mastic-aggregate assembly, the traction forces are generated by the physical-chemical
interaction between the mastic and aggregate. Generally the interaction strength is
smaller than the material strength itself. Interactions between two materials could fail
even before the material fails by degradation of its own stiffness due to various reasons
like loading magnitudes. On the other hand, separation is the opening between the two

surfaces which are previously in contact with each other.

To facilitate an easier understanding of traction-separation damage law, the Authors have
created a schematic plot in Figure 3.2. The two surfaces layers in Figure 3.2 can be
considered to be attached to each other with some glue-like material. If a normal force is
applied on the surface, a traction force develops between the interfaces of these two
surfaces. The developed traction force is resisted by the interlocking of two surfaces
generated from the glue-like material. As the magnitude of the applied normal force
increases, the two surfaces tend to separate from each other due to increased traction

force. Under the increment of traction force, the separation between the two surfaces
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increases until the force reached its ultimate strength at point B. The slope of line AB, as
shown in Figure 3.2, is known as the interface stiffness and termed as K. After point B,
the separation between the two surfaces increases as the load carrying capacity decreases.
Point B is known as damage initiation phenomenon, which means there is a separation
between the two surfaces that will not recover. Beyond point B to point C, the
phenomenon is known as damage evolution or progression. At the damage progression
region, the separation between two surfaces increases, eventually leading to a surface

failure.

The following linear traction-separation law has been used in this study:

t=ks (3.1)
t Ky Ky Kglld
t, = K21 Kzz Kzs é‘2 (3.2)
t, Ka Ky Kg |6

In Eq. (3.2), ty, t, and t3 are the three components of force on a surface in three orthogonal
directions, K’s are the stiffness coefficients and o1, J2 and d; are three deformation
components due to the respective forces and. The diagonal terms are for three orthogonal
directions, and the off-diagonal terms are for coupled directions. In this study, only 2D
idealization is made, and therefore the off-diagonal components are not considered. The
FEM model is developed considering stiffness in two directions: one is normal to the
surface and the other is along the surface. The resulting the equation of the traction-

separation is shown in Eq. (3.3) below:
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(3.3)

Damage can be initiated either normal to the surface or along the tangential direct of the
surface. The ratio between the interface strength and load is measured along the normal
to the surface and tangential direction (i.e., shear direction) of the surface. The maximum
ratio indicates the damage initiation at a particular direction and it is presented in Eq.

(3.4).
max {:—; ,t—g}:l (3.4)

where t’and tJare the interface strength for normal and shear directions. Here t and t,

are the resulting forces due to applied load in the respective directions. When the ratio
becomes one, the bond state between the two interfaces breaks down and a gap occurs
between them, which can be predicted by FEM. The maximum ratio cannot be greater

than one.
3.4 Determining Model Parameters by Laboratory Testing
3.4.1 Determining Rheological Properties of Mastic

Laboratory tests are performed to determine dynamic shear modulus of mastic material
and converted to dynamic elastic modulus using following Eq. (3.5). The converted
dynamic elastic modulus is used as elastic parameters in ABAQUS for the material

property of mastic coating over aggregate.
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E’|=25|G" (3.5)

DSR is used to calculate the complex shear modulus (G*) values for mastic. The dynamic
shear modulus can be expressed as |G*|. The dynamic modulus presents the magnitude
that is the length of complex modulus. A rectangular shape mould is used for preparing
the sample. Total 3.6 samples are prepared; 3 samples are tested under dry condition and
3 samples are tested for wet condition. The average theoretical maximum specific (Gmm)
gravity for the sample is 2.319 and the percent air voids of the samples are 11.5+1.0. The
wet condition is prepared following AASHTO T-283. The laboratory test is done at 22 °C
and 1 Hz frequency. A strain rate of 0.007% is applied on the rectangular shape sample.
The modulus values, which are given in Table 3.1. The modulus value is taken as average
of three test results under dry and wet conditions. The elastic modulus of aggregate is

taken from other studies and described later.

3.4.2 Determining Damage Model Parameters

Laboratory aggregate pull-off tests under both dry and wet conditions are done to
measure the stiffness of mastic-aggregate interfaces. Pictures taken in the laboratory are
shown in 3.3. For tensile pull-off test, a coated aggregate is cut into half and the flat face
is exposed and the other end is embedded into mastic up to the half of the aggregate. The
wet and dry mastic samples are compacted to a target void ratio of 4 £0.5% for both
tension and shear tests. The wet condition is prepared following AASHTO T283 method
before conducting the pull-off test. The flat end is fixed with the loading frame with glue

and the bottom of the mastic material container is also fixed with the base. The sample is
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then load in tension at a rate of 1.27 mm/min (0.05 in/min). Two samples are prepared,;

one sample kept dry and other is wet conditioned before test.

Aggregate pull-off tests are also performed under direct shear load. The mastic material
samples are prepared in similar fashion except the materials are prepared in the shear box
of direct shear testing equipment. The hot mastic material are compacted in two lifts into
the bottom half of the shear box. Just before the final compaction of the top layer, a
coated and fractured face of the hot aggregate is pressed onto the surface of the top lift
and the compaction to the required volume is then completed to ensure proper contact
between the aggregate and the mastic. One sample is left in a dry condition and the other
is conditioned following AASTHTO T283 standard. The top of the shear box is placed on
the bottom of the shear box and the apparatus is placed into the direct shear machine. The
set screws in the shear box are removed and the height of the top of the shear box is
raised so that no mastic material impedes the shearing of the aggregate. The sample is

then load in shear at a rate of 1.27 mm/min (0.05 in/min).

The load-displacement graphs due to aggregate pull-off in tension under dry and wet
conditions are shown in Figure 3.4. As expected, the tensile strength of aggregate pull-off
is higher under dry conditions than under wet conditions. The load-displacement curves
due to shear pull-off under dry and wet conditions are shown in Figure 3.5. Under wet
conditions, the initial load-displacement curve has lower values and then it increases
rapidly. Also the ultimate load under wet condition is higher than the dry condition.
Unlike tension pull-off test, the aggregate is not glued to the loading frame for shear pull-
off tests. For this reason the load-displacement curve shows wavy and discontinuous

phenomena under dry and wet condition. The stiffness of mastic-aggregate interface due
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to tension and shear is determined by measuring the slope of the curve before peak load,
also known as secant modulus. The secant modulus is determined by measuring the slope
of tangent connecting origin with 50% of maximum strength. The tangent lines for
determining secant modulus are shown in Figure 3.4 and 3.5 graphs. The measured
sustained loads and stiffness for both tension and shear under both dry and wet conditions
are given in Table 3.2. Both tensile and shear interface stiffness under dry conditions are

higher than under wet conditions.

3.4.3 Interface Modeling Techniques

Two methods are available in ABAQUS for surface damage simulations, cohesive
element approach and cohesive surface approach. For cohesive element approach, the
stiffness degradations of materials are considered. On the other hand, for cohesive surface
approach, the stiffness degradation of surfaces is considered. For cohesive element
approach, the stress-strain distribution and the modulus of material and fracture energy,
which is the area under the stress-strain curve, are the essential requirements. For
cohesive surface approach, the modulus of materials is necessary, but the strength and
stiffness of the interfaces are essential for damage simulations. Also, the separation
between the two surfaces is required to simulate the damage evolutions. For example, if
two metal plates are lap joined by adhesive materials like glue and the damages of that
adhesive material needs to be investigated, the proper way of simulation is to model the
adhesive material with cohesive elements. For this particular research there is no
additional adhesive material between mastic and aggregate. Mastic works as adhesive
material on aggregates and the purpose of simulation is not determining the damages of

mastic. The damages at interface are the point of interest. In addition, the laboratory tests
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are conducted to predict the surface damages of mastic and aggregate rather than
damages of the mastic itself. For this reason, the surface damage approach is considered

for this research.

3.5 FEM Model Development

ABAQUS/CAE version 6.9-EF1 (2009) is employed for conducting FEM analysis. Only
one spherical shape aggregate is considered in this model. The radius of the aggregate is
19.05 mm (0.75 in). A 0.254 mm (0.01 in = 300 wm) mastic thickness is considered.
Previously, Kringos et al. (2008b) considered a 300 um of mastic thickness in his model.
The inner side of mastic and outer side of aggregate is restrained in both horizontal and
vertical directions at four points to overcome the rigid body movements. It is assuming
that there is no damage occurred inside the aggregate. Generalized shape, boundary
conditions and loading state are shown in Figure 3.6. A portion of the finite element
model that is simulated is shown in Figure 3.6. The finite element model shows a
combination of both triangular and rectangular elements. The model is generated as a
two-dimensional continuum homogeneous structure. The model is developed with plane
stress continuum three- and four-noded linear quadrilaterals elements. The mastic and
aggregate is considered as elastic materials. The elasticity of mastic is assigned according
to Table 3.1 with Poisson’s ratio of 0.30 under dry and wet conditions. Kringos et al.
(2007) considered 0.30 Poisson’s ratio of mastic in her FEM models. The elasticity value
of aggregate is assumed as 48.3 GPa (7,000,000 psi) with Poisson’s ratio of 0.20, which
is a common value for gravel. The damage evolution is assumed as linear and an elastic
displacement value has been given for controlling the damage initiations. The damage

stabilization is given as 1E-05, which is a very small value required for analysis purpose.
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Real pavement experiences cyclic tire pressure which comes from traffic. The
monotonically increasing static loading condition does not show the actual degradation of
materials. For this reason, the FEM is simulated with three different patterns loads. The
loading pattern resembles one cycle of dynamic tire pressure. The three different load
patterns are shown in Figure 3.7. The load patterns are named triangle, sawtooth and
rectangle. The triangular pattern represents a very high speed car, the sawtooth pattern
represents a moderate to low speed car and the rectangular pattern represents a car that is
stationary for awhile and suddenly moves from its stationary position, also known as a
stop and go situation. Several studies are done with cyclic loading on asphalt concrete
pavements (Zaghloul and White 1993; Blab and Harvey 2002; Saad et al. 2005). Three
different types of load magnitudes are used in this study. Three displacement loads of
value 0.00508 mm (0.0002 in), 0.0508 mm (0.002 in) and 0.508 mm (0.02 in) are applied
as peak amplitude. Huang (2004) showed that in two-layer pavement systems with 0.483
MPa (70 psi) dual tire loads applied over 152.4 mm (6 in) asphalt concrete of 689.48MPa
(100,000 psi) elastic modulus, the maximum vertical deflection is 0.6858 mm (0.027 in)
under one tire at the bottom of the asphalt concrete. The assumption of maximum vertical

deformation load of 0.508 mm (0.02 in) seems appropriate for these simulations.

3.6 Results and Discussions

3.6.1 Contact Stresses at the Interface

Contact stresses are generated at the surface between the mastic and aggregate. At every
element of the surface, the resulting stresses are divided into normal and shear contact

stresses. The contour of contact stresses along the surface can be shown using FEM.
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Variations of contact stresses under dry and wet conditions are investigated for different
load patterns. The rectangular pattern causes higher normal and shear contact stresses
under both dry and wet conditions. For the case of the rectangular pattern, the load is
applied with its maximum amplitude for a longer time than triangular and sawtooth
patterns. The normal and shear contact stresses due to rectangle pattern load under dry
and wet conditions are shown in Figure 3.8. The locations of maximum positive and
negative normal contact stresses are shown in Figs. 3.8(a) and (b). The locations of
maximum positive and negative shear contact stresses are shown in Figs. 3.8(c) and (d).
For normal contact stress, positive value represents tensile stress and negative value
represents compressive stress. In the case of shear stress, counter-clockwise from element
center is positive. Higher intensity of normal contact stresses is close to the supports and
loading point. Maximum tensile contact stresses are located at the two right and left
support conditions. For shear contact stresses, the positive and negative stresses are on
either side of the support. The locations of maximum shear contact stresses are not the
same for dry and wet conditions. Figure 3.9 represents the variations of the maximum
positive contact stresses for 0.00508 mm (0.0002 in) vertical deformation under dry and
wet conditions for all load patterns. From Figure 3.9, it could be observed that for all load
patterns, dry conditions give both higher normal and shear contact stresses than wet
conditions. The presence of moisture in mastic develops reasonably lower normal contact
stresses and significantly lower shear contact stresses at the interface locations. Low
contact stresses at the interfaces could be one of the reasons for having higher adhesive
damages at moist mastic-aggregate interfaces. It should be noticed that the shear strength

under wet condition is higher than the dry condition but secant modulus or interface

o1

www.manaraa.com



stiffness is higher under dry condition than wet condition. For this reason, interface

contact stress affected due to stiffness of interface rather strength of interface.

3.6.2 Effects of Loading

The contact stress variations due to three load patterns and two load magnitudes are
compared and presented. Normal and shear contact stresses for 0.0508 mm (0.002 in) and
0.508 mm (0.02 in) deformation load under dry and wet conditions are presented in
Figure 3.10. Contact stress variations for 0.00508 mm (0.0002 in) vertical deformation
load have been presented in Figure 3.9. There are no significant differences of normal
and shear contact stresses under dry and wet conditions for triangular and sawtooth
patterns load due to incremental deformations from 0.00508 mm (0.0002 in) to 0.0508
mm (0.002 in) and 0.508 mm (0.02 in). The major differences have been observed while
vertical deformation increases from 0.0508 mm (0.002 in) to 0.508 mm (0.02 in) under
rectangular pattern load. For rectangular pattern load, while vertical deformation
increases from 0.0508 mm (0.002 in) to 0.508 mm (0.02 in), the normal contact stresses
increase about 61% under dry conditions and approximately 90% under wet conditions.
In addition, while comparing the shear contact stresses due to vertical deformation
increments from 0.0508 mm (0.002 in) to 0.508 mm (0.02 in) for the rectangular pattern
load, the shear contact stresses under both dry and wet conditions increases about 163%
and 537% respectively. Normal contact stresses under dry conditions are two to four
times higher than the wet conditions for all three load patterns. Shear contact stresses
under dry conditions are around two to five times higher than wet conditions. Wet
conditions show higher adhesive damages than dry conditions due to lower contact

stresses for all three load patterns.
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3.6.3 Resistance to Moisture Induced Damage

According to AASHTO T283 (2007) standard, the ratio of strength of wet and dry
samples is a common measure for resistance of compacted asphalt mixtures to moisture
induced damages. The ratio is known as tensile strength ratio (TRS). Indirect tensile
strength is developed within the sample by applying direct compression load. The
standard indicates that the lower the ratio, the higher the damages in the samples. In other
words, the lower the ratio, the sample has a lower resistance to moisture. Laboratory
investigations for wet condition samples are completed following AASHTO T283
standard. In these mastic-aggregate interface damage simulation models, from Figure 3.8,
it has been observed that under vertical deformation load the maximum contact tensile
stresses are developed at the left and right supports. This resembles the T283 standard’s
indirect tension development in the samples. In addition, the loading phenomenon is
similar to the T283 standard. The contact stress ratios under wet and dry conditions are
given in Table 3.3. The variations of the ratios are also plotted in Figure 3.11 for normal
contact stresses and shear contact stresses. It can be observed that the maximum ratio
under normal contact stress is 0.39 for 0.0508 mm (0.0002 in) deformation load and for
triangular load pattern. For rectangle pattern load, the minimum ratio under normal
contact stress is 0.24 for 0.508 mm (0.002 in) deformation load. Similar to normal contact
stress, decrease in ratio is also observed for shear contact stresses under all pattern loads.
Shear contact stress ration is smaller than normal contact stress ratio except for
rectangular pattern load for 0.508 mm (0.02 in) deformation. The general trend is, normal
and shear contact stress ratio is decreased for deformation load increment except

rectangular pattern. The ratio might influence by higher deformation load, but rectangular
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pattern exhibited significantly higher adhesive damages under both dry and wet
conditions. The inverse relation explained in AASHTO T283 standard is not observed

only in the rectangular pattern load under 0.508 mm (0.02 in) deformation.

3.6.4 Damage Analysis

3.6.4.1 Location of Maximum Damage

Damage is also termed as scalar degradation of stiffness, which is a dimensionless
quantity, and varies from zero to one. Zero represents no degradation of stiffness and one
represents complete degradation of stiffness. The location between zero and one is
sensitive to damages and will become damaged upon increment of loading. The location
of damages can be identified by observing the contour images of damage initiation
criteria. For rectangular pattern loads, the damage initiation criteria have been plotted in
Figure 3.12, 0.0508 mm (0.002 in) deformation loads under dry and wet conditions.
Damage initiates near the location of applied boundary conditions and progresses along
the surfaces. Initially, there are thirteen locations where the maximum damages occur
under wet conditions and eight damaged locations under dry condition. Wet conditions
show higher damage locations than dry conditions. The higher the deformation load, the

higher the damage locations on the interfaces.

3.6.4.2 Progression of damages

The contour plot for surface damages due to 0.0508 mm (0.002 in) deformation loads
under dry and wet conditions for three different load patterns are shown in Figure 3.13.

There are no significant differences found in surface damage contours between 0.00508
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mm (0.0002 in) and 0.508 mm (0.002 in) deformation loads under both dry and wet
conditions. According to Figure 3.13, the wet conditions show a considerable amount of
damage near the supports for rectangular load pattern. The stiffness degradations are
about 0.4, 0.4 and 0.9 for triangular, sawtooth, and rectangular pattern loads respectively
under dry conditions. The maximum surface damage value is 1.0, which is calculated
from the ratio of surface strength and applied load at the node or element. For this reason,
under dry conditions for all three load patterns, the surface damage has not reached its
limiting value, or, there is still some stiffness left to the nodes under dry conditions. It
should be noticed that initiation of damages are near the supports, which means the
damage initiation is based on boundary locations for this analysis. The extent of the
surface damage under wet conditions is more than under dry conditions. Under wet
conditions, eight damage initiation points show stiffness degradation of 1.0, which means
there is no stiffness left in those particular nodes or elements. Under wet conditions,
damage has been initiated for low (0.002 in) vertical deformation loads. Damage contours
between triangular and sawtooth under wet conditions does not clearly differentiate, but it

can differentiate between sawtooth and rectangle pattern loads.

The contour plot for surface damages due to 0.508 mm (0.02 in) deformation loading
under dry and wet conditions for three different load patterns are shown in Figure 3.14.
Damage contour shows clear differences in dry and wet conditions for all three load
patterns in Figure 3.14. Under both dry and wet conditions for all three loading patterns,
several locations of interfaces are exposed to damages. For triangular load patterns under
dry conditions, two new locations and under wet conditions, three new locations are

exposed to damages. For sawtooth load patterns under dry conditions, three new locations
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and under wet conditions four new locations are exposed to damages. For rectangular
load patterns under wet conditions, the upper portion of the interfaces shows as entirely
damaged. Under dry conditions for rectangle load patterns, the upper portion shows
nearly complete damage. The extent of damage increased for all previously exposed eight
locations. The upper portion of interfaces shows more surface damage than the lower

portion of the interfaces for all load patterns.

The numerical values of damages under dry and wet conditions due to three different
deformation load magnitudes for a particular nodal point are shown in Figure 3.15. Node
22 is chosen and the position of the node is also shown in Figure 3.15. This node is very
critical since it is near the support and more sensitive to damages. Also node 22 shows
clear progression of damages under different load pattern and magnitudes. Under dry
conditions and three different load patterns, the variations of damages are shown. As the
deformation increases, the slope of the curve becomes steeper. Also damage magnitude
increases as loading time and magnitude increases. Similar phenomena observed under
wet conditions. For higher load magnitudes, the wet interfaces initiate damage earlier

than dry interfaces.

3.6.5 Interface-De-Bonding due to Damage

3.6.5.1 Contact Interface Status

The bond state under dry and wet conditions for rectangular load pattern due to 0.0508
mm (0.002 in) deformation loading are shown in Figure 3.16. The contour value 1.0
means bonded and 0.0 means de-bonded between the two surfaces. For 0.0508 mm
(0.002 in) deformation loads under dry conditions, there is no de-bonded region. On the
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other hand, under wet conditions, some particular locations show de-bonding between
mastic and aggregate. The locations where the de-bonding occurs have surface damage
values equal to 1.0. If we compare Figs. 3.13 and 3.16, under dry conditions, the surface
damages do not exceed 1.0 indicating the interfaces of mastic and aggregate are bonded.
The similar scenario is also observed for 0.0508 mm (0.0002 in) deformation loading and
similar loading patterns. It is clear that bondage between mastic and aggregate depends

on the interface damages and the phenomena are critical under wet conditions.

The bond state under dry and wet conditions for three different load patterns due to 0.508
mm (0.02 in) deformation loading are shown in Figure 3.17. As the deformation increases
from 0.0508 mm (0.002 in) to 0.508 mm (0.02 in), the bonding status under dry
conditions changes and under wet conditions becomes worse. Figure 3.17 shows that
under dry conditions, we have initiation of de-bonding that begins from the upper portion
of the interfaces. Under wet condition, the rectangular pattern load shows severe bond
damages. For triangular load pattern under dry conditions, there are three de-bonded
locations and under wet conditions there are nine de-bonded locations. Similar numbers
of damaged locations are observed for sawtooth load patterns under dry and wet
conditions. For rectangle load pattern under both dry and wet conditions there are three
and twelve de-bonded locations respectively. The de-bonding locations are dominated at
the upper portion of the surfaces. It has been previously observed that the damage

locations are also extended over the upper portion of the interfaces.
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3.6.5.2 Quantification of de-bonded surfaces

The bond status can be explained by determining the contact perimeter between mastic
and aggregate. Before loading, the bonded contact perimeter is measured as 119.63 mm
(4.71 in). The contact perimeter, after applying the deformation load, can be computed
for rectangular pattern and is shown in Figure 3.18. Under dry conditions and for 0.00508
mm (0.0002 in) and 0.0508 mm (0.002 in) deformation loading, the contact area is intact
or no de-bonding is found, but for 0.508 mm (0.02 in) deformation loading, about 6.8%
of the perimeter has lost contact. On the other hand, under wet conditions due to 0.00508
mm (0.0002 in) deformation there is no de-bonding observed but due to 0.0508 mm
(0.002 in) deformation, about 44.92% and for 0.508 mm (0.02 in) deformation about
49.1% of perimeter has lost contact. Significant amount of de-bonded interface observed

under wet conditions than dry conditions.

3.7 Conclusions

The asphalt mastic-aggregate interfaces are simulated and interface damage is quantified
using FEM and traction separation law, readily available in ABAQUS. Model parameters
are determined from laboratory pull-off and strength testing of mastic materials. Model
geometry is defined by a two dimensionally idealized aggregate particle surrounded by
mastic materials to represent adhesive damage. Moisture damage is quantified through
contact stress, load magnitude to damage initiation, and de-bonding. The findings of this

study are summarized below.

1. The contact stress is significantly higher in dry conditioned mastic-aggregate
interface than in the wet conditioned interface for all load magnitudes and
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patterns. Lower contact stresses are one of the reasons for higher mastic-aggregate
interface damage under wet condition.

It is shown that damage initiates and progresses mostly on the upper half of the
mastic-aggregate interfaces. In wet conditioned samples, surface damage initiates
at 0.00508 mm (0.002 in) deformation, whereas damage initiates at 0.508 mm
(0.02 in) deformation in dry condition. Stiffer dry mastic material carries higher
applied deformation and shows lower mastic-aggregate interface damage. Softer
mastic material is unable to carry smaller applied deformation and exposed to
higher interface damage.

De-bonding in wet sample is significantly higher than that in dry sample. About
6.8% (% perimeter) interface de-bonding occurs in dry sample. On the other hand,
about 49.1% interface de-bonding occurs in wet conditioned sample. Lower
contact stresses are responsible for higher de-bonding. De-bonding between
mastic and aggregate is one of the main reasons for premature permanent failure

of AC pavement under wet condition.
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Table 3.1 Dynamic shear and elastic modulus of mastic

Dry Wet
|G| 2.0 MPa 0.74 MPa
(290,075 psi) (108,778 psi)
|E*| 5.0 MPa 1.87 MPa
(725,188 psi) (271,945 psi)
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Table 3.2 Ultimate strength and interface stiffness under dry and wet conditions

Ultimate Ultimate Interface stiffness  Interface stiffness
strength in strength in in tension (K1) in shear (K3y)
tension shear
Dry 391.67 N 30250 N 3706.71 N/mm 2991.33 N/mm
(88.05 Ibf) (68.00 Ibf) (21,165.87 Ibf/in)  (17,080.96 Ibf/in)
Wet 167.21 N 489.30 N 1947.64 N/mm 690.06 N/mm
(37.59 Ibf) (110.00 Ibf) (11,121.30 Ibf/in) (3,940.35 Ibf/in)
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Table 3.3 Ratio of wet and dry contact stresses

Wet/Dry
Load Deformation

pattern magnitudes
Normal  Shear

Triangular 0.0002" 0.39 0.24
0.002" 0.37 0.23
0.02" 0.31 0.23
Sawtooth 0.0002" 0.38 0.23
0.002" 0.37 0.23
0.02" 0.29 0.24
Rectangular 0.0002" 0.38 0.23
0.002" 0.24 0.21
0.02" 0.28 0.52
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Mastic

Aggregate

Cohesive damage

Adhesive damage

(b) Loss of bonding

Figure 3.1 Schematic of adhesive and cohesive damages in aggregates and mastic
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Interface strength | |

Traction(lbf)

Total separation/displacement

Separation (in)

Figure 3.2 Schematic of traction-separation damage law

64

www.manharaa.com



(a) Aggregate pull-off due to tension (b) Aggregate pull-off due to shear

Figure 3.3 Laboratory measurement of interface strength

65

www.manharaa.com




100 Ky, (Dry) = 21,165.87 Ibf/in

90
80 K1 (Wet) = 11,121.30 Ibf/in
70
< 60
= —Dry
- 50
8 - = Wet
- 40 me==|_ocation of 50% maximum strength
30
20
.
10 Na
0 T = - e T T 1
0.005 0.01 0.015 0.02

Displacement (in)

Figure 3.4 Load vs. displacement curve in tension with secant modulus
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Figure 3.5 Load vs. displacement curve in shear with secant modulus
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Figure 3.7 The load patterns (a) Triangle, (b) Sawtooth, and (c) Rectangle
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Figure 3.8 Contact stresses due to 0.0508 mm (0.002 in) vertical deformation under
rectangular load (CPRESS means Contact Pressure and CSHEAR1 means Contact Shear

at direction 1)
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Figure 3.9 Contact stresses due to 0.00508 mm (0.0002 in) vertical detormation for three
load patterns
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Figure 3.10 Contact stresses due to vertical deformation loading for three load patterns
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Figure 3.11 Ratio of wet and dry contact stresses
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Figure 3.12 Damage locations due to 0.0508 mm (0.002 in) vertical deformation under
rectangular load (CSMAXSCR is Maximum Traction Damage Initiation Criteria for
Cohesive Surfaces)
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Figure 3.13 Contour of surface damages due to 0.0508 mm (0.002 in) vertical
deformation load (CSDMG is Scalar Stiffness Degradation for Cohesive Surfaces)
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Figure 3.14 Contour of surface damages due to 0.508 mm (0.02 in) vertical deformation
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Figure 3.15 Damages at node 22 due to vertical deformation load
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Figure 3.16 Interface bonding due to 0.0508 mm (0.002 in) vertical deformation load
(BDSTAT is Bond State)
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Figure 3.17 Interface bonding due to 0.508 mm (0.02 in) vertical deformation load
(BDSTAT is Bond State)
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Figure 3.18 Contact perimeters between mastic and aggregate under rectangular load
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CHAPTER 4

DAMAGE IN MATRIX MATERIALS

4.1 General

This chapter describes both cohesive and adhesive damage in matrix materials. Cohesive
damage is defined as the strength degradation in the matrix materials. On the other hand,
adhesive damage is defined as the strength degradation of matrix materials near the
matrix-aggregate interface. This chapter is published in the peer-reviewed journal name
Construction and Building Materials titled “Identifying damage in asphalt matrix
materials surrounding an aggregate particle”. A copy of the published article is given in

the Appendix B.

4.2 Introduction

Asphalt Concrete (AC) can be defined as asphalt coated coarse aggregate particles
surrounded by mastic and matrix materials. Mastic is a mixture of fines (materials
passing #200 sieve) and asphalt binders. Matrix is a mixture of asphalt binder with fine
aggregates passing through a #4 (4.75 mm) sieve and retained on a #200 sieve (Abu Al-
Rub et al. 2010; Kringos et al. 2008a; Shah 2003). Damage due to moisture in AC occurs
mostly in the mastic or matrix or interface of the materials (Tarefder et al. 2009). Most
researchers agree that damage due to moisture inside an aggregate particle is limited.
Rather, most of the moisture damage occurs in mastic and matrix materials. This study

focuses only on the matrix damage due to moisture.
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Cohesive and adhesive damages are two major reasons of AC damage (Cheng et al. 2003;
Khalid and Monney 2009; Kutay et al. 2007; Spinel 2009; Wasiuddin et al. 2011). The
phenomena of adhesive and cohesive damage are shown schematically in Figure 4.1.
Figure 4.1(a) shows a fresh sample of AC, which has not been subjected to any damage.
Figure 4.1(b) shows loss of bonding within the asphalt binder or mastic or matrix
(cohesive) and at the matrix-aggregate or mastic-aggregate interface (adhesive). Few
studies have been considered in the past to understand the evolution and progression of
matrix damage under dry and wet conditions (Abu Al-Rub et al. 2010; Kringos et al.

2008a; Kringos et al. 2008b).

Damage initiates at molecular scale but it is clearly visible at meso scale, a full scale
pavement. Although the previous studies show the severity of damage due to moisture
condition but this study is done to understand how damage initiates in matrix materials
(cohesive damage) and then move towards matrix aggregate interface (adhesive damage)
and quantify this damage for a small scale considering variability of AC. It is believed
that, the understanding of damage in small scale will help to improve the mix design
procedure, select appropriate construction materials, application of additives, better
material design to prevent damage and many more. In this study, damage in a system of
aggregate coated by matrix, considered as small scale AC, is studied. Total damage is
characterized as cohesive and adhesive damage as described in Figure 1. To identify
initiation and location of damage, the damage is evaluated using damage evaluation
criteria defined by maximum nominal stress criteria. Maximum stress criteria is defined
as, damage initiates within a material when it reaches to maximum strength under loading

condition (Allix and Hild 2002; Inman et al. 2005; Saanouni 2001; Suaris et al. 1990).
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4.3  Objectives

The objectives of this research work are:

1. Identify damage and categorize it into the adhesive and cohesive damages in
matrix material of AC under dry and wet conditions.

2. Evaluate the effects of moisture in adhesive and cohesive damage initiation and
propagation.

3. Quantification of adhesive and cohesive damages in the matrix materials.

44  Methodology

Maximum stress criteria are used to determine adhesive and cohesive damage by
applying Finite Element Method (FEM) modeling. Commercial software ABAQUS is
used as a tool of FEM. Laboratory tests are performed on matrix material under dry and
wet conditions to determine the FEM damage model inputs. The initiation and
progression of the adhesive and cohesive damages of matrix coated an aggregate particles
are evaluated and quantified considering two different matrix thicknesses, two
deformation magnitudes representing tire pressure on AC, and three deformation

intensity patterns representing deformation application time of tire pressure on AC.

4.5 Damage Modeling in AC

Concept of damage mechanics has been introduced in early 1920 but a major
breakthrough has been occurred in late 1950 by L. M. Kachanov (Lemaitre 1996).
Damages in material due to environmental degradation such as presence of moisture and

damages in concrete materials due to non-homogeneous material has been introduced
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(Kachanov 1986). It has been mentioned that geo-materials and polymers changes their
mechanical properties under the influence of environment even in the absence of stress.

Also concrete like materials have weak mechanical resistant due to non-homogeneity.

Damage in AC has been studied for decades. In early 1990, damages in viscoelastic
materials in terms of accumulated viscous strain has been described (Lemaitre and
Desmorat 2005). Later on, viscoelastic damage model has been applied on AC (Park et
al. 1996). This model has been modified and a Visco-Elastic-Plastic Continuum Damage
(VEPCD) model has been developed to study initiation and accumulation of micro-
cracking due to material damage and to study damage progression (Y. Richard Kim
2009). FEM has been implemented using VEPCD and simulation of damage growth due
to accumulation of viscous strain under fatigue loading has been performed (Y. Richard
Kim et al. 2008). According to authors knowledge, VEPCD does not identified cohesive
and adhesive damages in AC. Desai defined disturbance as a damage to measure the
translation, rotation and micro-structural changes within AC materials (Y. Richard Kim
2009). Desai’s Disturb State Constitutive (DSC) model has not been used to characterize

stiffness degradation of matrix or disturbance in mastic or matrix due to moisture.

Several finite element method (FEM) based damage models have been developed to
characterize linear viscoelastic and visco-elastic-plastic materials (Abu Al-Rub, Darabi,
et al. 2011; Abu Al-Rub, You, et al. 2011; You et al. 2012). Most of the models used
VEPCD or modified VEPCD with user defined constitutive equation implemented in
FEM model for full scale pavement or cylindrical core specimens. Damage due to
accumulation of viscoelastic and viscoplastic strain has been shown for different

temperature under loading conditions. Also, maximum stress criteria has been
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implemented as cohesive zone modeling for predicting multi-scale damage model by
FEM (Kim et al. 2012). An aggregate surrounded by asphalt have considered as small
scale and a full scale AC pavement consists of several aggregates has been considered as
large scale model. Average stress and strain in the FEM models have computed and
compared for both undamaged and damaged conditions. Cohesive zone model has also
been implemented by FEM for cylindrical AC sample (Kim et al. 2005). Only stress and

strain relationships have been computed for different strain rates.

Many studies have been done to identify damages under dry and wet conditions in AC
(Ban et al. 2011; Bhasin et al. 2006; Birgisson et al. 2003; Fromm 1974; Kringos et al.
2008a; Spinel 2009; Tarefder and Arifuzzaman 2010). Most of the studies evaluate
damages in AC by laboratory measurements. Even though both laboratory investigations
and FEM model studies have agreed with the concept of adhesive and cohesive damages
but very few of them able to identified and evaluated those damages into FEM models.
Most of the studies emphasized on the total damages of AC. Also, none of them has able
to include and evaluate both adhesive and cohesive damages in a single FEM model. In
addition, very few studies conducted FEM analysis under both dry and wet conditions.
Initiation, progression, and quantification of the adhesive and cohesive damages using
maximum stress criteria in matrix under wet and dry conditions have not been performed

yet.

4.6 Damage Law for Cohesive Elements

Cohesive element damage law is used in this study to define matrix damage. Cohesive

law is defined by a monotonically increasing traction-separation load up to a critical point

85

www.manaraa.com



followed by a monotonically decreasing load or softening curve (Lucas et al. 2007). The
critical point or highest point or load is known as the damage initiation point. The elastic
behavior is defined by an elastic constitutive matrix that relates to the nominal stress and
nominal stain in the interface elements. Nominal stress is defined by the force component
divided by the element area at each integration point. Nominal strain is the separation
divided by the original thickness at each integration point. The nominal stress vector, o,
consists of three traction components o, acting to the pure normal direction, o5 acting
toward the first shear direction and o; acting toward second shear direction. The stress

tensor o can be express in terms of stiffness E and strain ¢

O-n Enn ns Ent gn
c=<0,=|E, E, Eg|i&=E¢ (4.1)
Gt Ent Est Ett {—,‘,[

where E,, is the stiffness in the pure normal mode, E is the stiffness in the first shear

direction and Ey is the stiffness in the second shear direction.

4.6.1 Damage Initiation Criteria

Damage is assumed to initiate when the maximum nominal stress ratio reaches a value of

one. The maximum nominal stress ratio is defined by Eqg. (4.2) below

(0,) o, o
max Az =S “ti—] 4.2
{as oS a:’} 42)

where & is the nominal strength toward the normal direction, o is the nominal shear

strength toward the first direction and & is the nominal shear strength toward the
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second direction measured in the laboratory. In this study, only compressive strength and
shear strength to the first direction of the matrix are measured in the laboratory. Also, two
dimensional FEM model is considered for identifying damage. For this reason the second
shear strength parameter is not required and Eq. (4.3) becomes,

max{m ﬁ} =1 (4.3)

0o ' 0
o, Oy

The tests are done under both dry and wet conditions. The symbol ( ) is known as
Macaulay bracket. Macaulay brackets are used to signify that a pure compressive
deformation or stress state does not initiate damage. It should be noted that, maximum
strain ratio can also be computed by Eqg. (4.4), which is similar to Eq. (4.2). The

maximum strain ratio can be expressed as,

max{(e& 3%}:1 s

where ¢ is the maximum nominal compressive strain of matrix, &2 is the maximum
nominal shear strain toward the first direction and &’ is the maximum nominal shear

strain toward the second direction measured in the laboratory. This equation is not used

for this study.
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4.7 Materials and Methods

4.7.1 Sample Preparation

Asphalt mix is collected from a local plant in cooperation with the New Mexico
Department of Transportation (NMDOT). The loose mix is separated by sieving. Loose
mix passing through number 16 sieve (1.19 mm) and retained on number 200 sieve
(0.074 mm) is collected as matrix material. Cylindrical samples of height 69.85 mm (2.75
in.) and 35.31 mm (1.39 in.) diameter are compacted to a target void ratio of 4.0 + 0.5%.
For wet conditioning, samples are soaked before testing for 48-hours under water at room

temperature and subjected to a vacuum pressure of 30 mm Hg for half an hour.

4.7.2 Compression and Shear Tests

Three dry and three wet cylindrical matrix samples are uniaxially loaded to failure under
strain-controlled mode (Hossain and Tarefder 2013; Hossain and Tarefder 2013a). Figure
4.2(a) shows the testing configuration of the matrix sample under compression. A loading
rate of 1.27 mm/min (0.5 in/min) is used. Also three dry and three wet samples are
compacted in a shear box and subjected to shear failure with a loading rate of 1.27
mm/min as shown in Figure 4.2(b). Average of three samples’ results from compression
and shear tests are summarized in Table 4.1. Stiffness E-value is determined by
measuring the slope of secant modulus. Secant modulus is defined as slope connecting
origin to 50% of maximum strength of material (Santi et al. 2000). Several studies used
and recommended secant modulus to calculate elastic modulus of asphalt concrete
(Degrieck and Van Paepegem 2001; Voyiadjis and Allen 1996; Wang 2011). Ultimate
strength of matrix obtained from compression and shear tests are also listed in Table 4.1
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(Hossain and Tarefder 2013; Hossain and Tarefder 2013a). It can be seen that E-values
of dry sample are higher than those of wet samples, which is expected. But there is an
exception; E-value of wet sample under compression is found to be smaller than the E-
value in shear. In a previous study, it has been observed that, aggregate surface roughness
increases after moisture conditioning (Kasthurirangan Gopalakrishnan, Broj Birgisson,
Peter Taylor 2011). This increased surface roughness might cause the material stiffer than
the dry material. Unlike compressive test, the shear test is confined into shear box and

might causes additional stiffness.

4.8 FEM Model Development

The FEM model is developed using ABAQUS/CAE 6.9-EF1, commercially available
software. A two-dimensional idealization of a spherical aggregate surrounded by a layer
of matrix material is considered. Obviously, it can be argued that the spherical aggregate
IS not a true representation of aggregate particles reside in an AC. Similar argument can
be made on the size of the aggregate particle. Also other studies use spherical shape
aggregate to predict moisture-induced damage (Kringos et al. 2008a; Kringos et al.
2008b). The fact is the shape and size of aggregate particle varies a lot in asphalt
concrete. Therefore a study that would consider the effects of the size and shape on the
outcomes, that is asphalt cohesion and adhesion, can itself be complex but doable. For
simplicity, the model considered for this study is one quarter of a spherical coarse
aggregate surrounded by a layer of matrix material, as shown in Figure 4.3. This suffices
the purpose of this study. The radius of the aggregate is assumed to be 19.05 mm (0.75
in.) based on the nominal maximum size (25.4 mm or 1.0 in.) of the mix aggregate collect

from the plant. Since matrix thickness varies in asphalt concrete, two thicknesses of
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matrix layers (0.508 and 1.27 mm) are considered. The size of the selected fine aggregate
is ranges from 1.19 mm to 0.074 mm. The thickness of matrix is chosen such that the fine
aggregates itself have sufficiently coated with asphalt binder to make a homogeneous

matrix material.

Though AC has been considered to be visco-elastic-plastic material, matrix is assumed to
behave elastically following the behavior observed in other studies. It has been
mentioned that AC behaves elastically at low temperature and visco-elastically at high
temperature (Zhu et al. 2010). Also the stiffness of binder is close to stiffness of filler at
lower temperature (Shashidhar and Shenoy 2002). In addition, the phase angle and rut
factor for wet AC material is small comparing to dry AC material and wet AC material
considered behaves elastically (Tarefder, Yousefi, et al. 2010). E-value of limestone
aggregate is well established in literature, therefore laboratory tests are not conducted on
aggregate. The E-value of aggregate used in this study is 48.26 GPa (7,000,000 psi) and

the Poisson’s ratio is 0.20 (Roque et al. 2009).

The loading and the shape of the FEM model are symmetrical to the vertical axis. The
model is restrained for vertical and horizontal movement at the bottom, but only
horizontal movement is restrained on the sides. Four noded linear quadrilateral cohesive
elements are used to define the matrix. Linear elements are used since quadratic elements
are not available for assigning axi-symmetric cohesive element in ABAQUS. Three and
four noded linear quadrilateral plane stress elements are used to define the aggregate.
Combinations of both three and four noded elements are required due to the spherical
shape of the aggregate. In ABAQUS, maximum stress criteria required maximum stress

in both vertical and shear directions according to Eqg. (4.2). Since the model is two-
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dimensional, data from one shear direction is sufficient as per Eq. (4.3). The interface
between matrix and aggregate is defined as cohesive interaction. The bottom of matrix
surface and top of aggregate surface are selected to make an interface. FEM model
should have interface interaction behavior while model consists of two different materials

and in contact.

In the FEM model, instead of applying a load, a specified deformation is applied and
stresses are calculated using Eg. (4.1) and used to determine damage according to the Eq.
(4.3). Deformation magnitudes of 0.72 mm (0.0285 in.) and 1.45 mm (0.057 in.) are
applied on the FEM model. The magnitude of the deformation is calculated based on a
standard duel tandem wheel on a pavement. It has been observed that a dual tandem
wheel of total 889.64 KN (200,000 Ib) load produces a 1.45 mm (0.057 in.) deformation
in a 203.02 mm (8 in.) thick AC. Therefore 1.45 mm value of the deformation is
considered. Also, half of this 1.45 mm is considered. The selected deformation is the
extreme deformation that a pavement can experience since the weight of the dual tandem
is for the landing gear of an aircraft. Also an aggregate coated with matrix material
located at the top surface of pavement might experiences that amount of deformation.
This deformation is considered to observe the extreme scenario of damage in AC. The
deformation load is applied on 10.16 mm (0.4 in.) length of matrix. Usually, Indirect
tensile strength of asphalt concrete wheel is determined by subjecting an asphalt concrete
sample diametrically though a 20.32 mm-25.4 mm (0.8-1.0 in.) loading strip. Since the

model is axi-symmetric, deformation load is applied over 10.16 mm (0.4 in.) length.

Traffic load on the roadway pavement is dynamic and cyclic. The shape of the dynamic

load varies and really depends on the tire foot-print and speed of the vehicle. For
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example, dynamic modulus of asphalt concrete is determined using sinusoidal loading for
using in the new mechanistic-empirical pavement design procedure. In this study the
FEM is simulated using three deformations intensity shapes or patterns namely, triangle,
sawtooth and rectangle (Hossain and Tarefder 2013b). In each case, only one cycle of
dynamic deformation is applied. These three deformation patterns are shown in Figure
4.4. In this study the deformation intensity pattern used to see how damage initiates and
progressed into matrix while the deformation applied with highest intensity for a very
short time (i.e. triangular patter) or the deformation applied with highest intensity for the
entire analysis period (i.e. rectangular patter) and in between of those two (i.e. sawtooth

pattern).

The deformation is applied on the FEM model by following three load intensity patterns
shown in Figure 4.4 and according to the function described in Table 4.2. According to
Table 4.2, i stands for intensity magnitude and t stands for time in second. For an
example, for triangular pattern, at t=0, 0.072 mm deformation multiply with intensity
magnitude i=0, so total zero deformation is applied at t=0; then at t=0.05, 0.072 mm
deformation multiply with intensity magnitude i=1.0, so total 0.072 mm deformation is
applied at t=0.5; then at t=0.10, 0.072 mm deformation multiply with intensity magnitude
i=0, so total zero deformation is applied at end of the cycle. If the time increment and
corresponding magnitude in the cycle is needed for the ABAQUS solver then it

calculated automatically by linear interpolation.
The analysis matrix is shown in Table 4.3. Total twenty-four FEM simulations are run

according to Table 4.3.
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4.9 Results and Discussions

The damage locations near the top surface of the matrix and/or in between the top surface
and matrix-aggregate interface are named as cohesive damage. The damage locations at
the bottom of matrix and/or near the matrix-aggregate interface are named as adhesive
damage. The matrix layer with a thickness of 0.508 mm (0.02 in.) is termed as thin matrix

and 1.27 mm (0.05 in.) is termed as thick matrix in the subsequent sections.

4.9.1 Damage Magnitudes

Damage magnitudes are identified using Maximum Stress Criteria (MAXSCRT)
contours. MAXSCRT contour is a plot of the ratio of stress computed by the FEM model
due to applied deformation over ultimate stress or strength measured in the laboratory as
described in Eq. (4.3). Upon applied deformation and using Eq. (4.1), for each integration
point of an element, the normal and shear stresses are calculated; the calculated normal
and shear stresses are normalized by using Eq. (4.3) for two dimensional FEM model; the
maximum normalized value between the two ratios are the critical normalized value and
showed as MAXSCRT value in the contour diagram. MAXSCRT is a unit less value
since it is a ratio of two stresses. The maximum value of MAXSCRT is 1.0. When
MAXSCRT value is 1.0 for an element than that particular element is known as damaged
element for the whole domain. When MAXSCRT value is less than 1.0 for an element,
the element is not damaged yet but will or might damaged upon increase of load
magnitude or increase of duration of load or decrease in material thickness. The two
deformations are used to see the changes in damage initiation and progression due to

increase of deformation magnitudes; three load patterns are used to see the changes in
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damage initiation and progression due to changes of duration of applied deformation; thin
and thick matrix are used to see the change in damage magnitude due to change in

thickness.

According to Table 4.1, the E-value for normal direction is higher for dry samples than
wet samples, so, for same deformation and using Eq. (4.1), the normal stress under dry
condition is higher than wet condition. On the other hand, the maximum normal stress is
also significantly higher under dry condition than wet condition, so, the normalized value
calculated using Eq. (4.2) for dry condition might lower than wet condition. If E-value
for shear directions are considered, the dry sample has lower E-value than wet sample,
so, for the same deformation or strain and using Eq. (4.1), the shear stress is lower under
dry condition than wet condition. Furthermore, the maximum shear stress is significantly
higher under dry condition than wet condition, so, the normalized value calculated using
Eq. (4.2) for dry condition might lower than wet condition. While comparing the
normalized normal and shear stresses under dry or wet condition, ABAQUS solver picks
the highest value between two and shows as MAXSCRT value for that particular

condition.

In addition to deformation value, the duration of applied deformation is also important for
progression of damage. Maximum deformation is applied for a specified time step. For
triangular pattern, deformation increases over time and the maximum deformation
applied for almost zero second or instantaneously, for sawtooth pattern, maximum
deformation applied for 0.04 sec and for rectangular pattern, maximum deformation
applied for almost 0.0999998 sec. Damage inside the material is higher when

deformation is applied for longer time. The reason behind, when damage initiates due to
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applied deformation in some elements (i.e. MAXSCRT value is 1.0), that element does
not carry any stress for the rest of the analysis period. For this reason, stress carrying
capacity increase for adjacent elements and their MAXSCRT value increases over time
and damaged if normalized value exceeds 1.0 and the process continues until the end of
analysis period. It is expected that rectangular pattern shows higher damage locations
than sawtooth or triangular pattern since the applied deformation is applied for longer

time period.

Moreover, thickness of matrix on aggregate might help prevent damage inside the matrix
material. Thicker matrix provides higher stress carrying capacity since more area of
matrix is taking stresses. Thick matrix will carry higher deformation and distribute

stresses evenly into the larger area to reduce damage than thin matrix.

The maximum MAXSCRT values for the whole model of wet and dry samples are
plotted in Figure 4.5 for three intensity patterns for 0.72 mm (0.0285 in.) and 1.45 mm
(0.057 in.) applied deformation on thin and thick matrix. Maximum MAXSCRT values
are taken from the contour plots. Comparing Figure 4.5(a) and 4.5(b), and Figure 4.5(c)
and 5(d), it can be seen that MAXSCRT values for thick matrix is lower than thin matrix
for triangular and sawtooth pattern. Rectangular pattern shows highest MAXSCRT value
for both thin and thick matrix in all cases. Indeed, thicker matrix is less damaged than
thinner matrix for both dry and wet conditions and proved that thicker matrix sustain
more deformation than thinner matrix. On the other hand comparing Figure 4.5(a) and
4.5(c), and 5(b) and 5(d), it can be seen that maximum MAXSCRT value increases due to
increase of applied deformation. Also wet samples show higher maximum MAXSCRT

value than dry samples and prove that wet samples are more damage prone than dry
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samples. Reasons for showing higher MAXSCRT value under wet condition comparing
to dry condition is explained in the following sections. Also maximum MAXSCRT value
increases when load intensity pattern changes from triangular to sawtooth to rectangle.
This supports the argument that, duration of applied deformation influences damage in

the matrix and more damaged locations are exposed inside the matrix material.

In Figure 4.5 (a), the maximum MAXSCRT value is about 0.68 under dry conditions and
0.73 under the wet conditions for the triangle pattern. Since for the triangular loading, the
MAXSCRT value is less than 1.0, so no element is damaged. The MAXSCRT value in
some elements reaches the maximum value of 1.0 under both dry and wet conditions for
sawtooth and rectangular patterns. So for both sawtooth and rectangular patterns there are
damaged elements. According to Figure 4.5(b), the maximum MAXSCRT value is about
0.06 under the dry condition and 0.09 under the wet condition for triangular pattern; the
maximum MAXSCRT value is about 0.11 under dry condition and 0.15 under wet
condition for sawtooth pattern. In Figure 4.5(c), the maximum value of MAXSCRT is 1.0
for all three load patterns; means, both dry and wet samples shows damages. In Figure
4.5(d), the maximum value of MAXSCRT is about 0.13 under dry condition and about
0.18 under wet condition is about 0.18 for the triangular pattern; the maximum
MAXSCRT value is about 0.21 under the dry condition and 0.30 under the wet condition
for sawtooth load pattern; the maximum value reaches to 1.0 for rectangular pattern under

both dry and wet conditions.

4.9.2 Damage Contours
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The advantage of the FEM model is the contour plots of the output variables. Figure 4.6
and 4.7 are plotted for MAXSCRT to identify the distribution of damages in matrix
material for the 1.45 mm (0.057 in.) deformation and for the thin and thick matrix
respectively. Contour plots for the 1.45 mm (0.057 in.) deformation are presented
because according to Figure 4.5, 1.45 mm (0.057 in.) deformation shows higher damage
in the matrix material. One zoomed in section is shown for each loading pattern so that
the contour of damage can be seen clearly. The color of contours ranges from blue to red,;
blue means small damage and red means large damage. Comparing Figure 4.6 with
Figure 4.7, there are more red color regions for thin matrix than thick matrix, since thin
matrix have higher damaged locations than thick matrix. Most importantly both adhesive
and cohesive damages are occurred in dry and wet conditioned samples for thin matrix
but mostly cohesive damage observed for thick matrix. Surely, thick matrix is stronger

than thin matrix and carries more deformation before damage.

It is difficult to quantify damages in matrix and identified it to adhesive and cohesive
damage under the triangular pattern for thin matrix by only observing and comparing the
Figure 4.6(a) and 4.6(b). Similar scenario is also true for Figure 4.6(c) and 4.6(d) under
the sawtooth pattern for thin matrix. For the rectangular pattern, cohesive damage at the
top of matrix and adhesive damage at the bottom of matrix and near the interface are
clearly shown in the Figure 4.6(e) and 4.6(f) for the thin matrix. Both dry and wet
samples show cohesive and adhesive damages but wet sample shows more damage at the
bottom of the matrix. Damage initiates under the deformation loading zone and at the top
of the matrix. Most of the elements at the top of matrix damaged just after applying

deformation. After initiating damage at the top of the matrix, it progresses towards the
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bottom of the matrix and near the interface region since interface region is weakest in the
whole domain. Damage progressed towards the bottom of the matrix and continues
progression until every element near interface region exposed to damage; when no
element is capable of taking any stress at the interface region, than the damage
progressed to the second bottom layer since those elements are the weaker in the domain.
It is clear that matrix material near interface region is the weakest and prone to damage
under both dry and wet conditions for the thin matrix. In addition, the strength and
stiffness under dry condition is higher than under wet condition; for this reason, dry
condition sustain more deformation and carry more stress than wet condition at the
bottom of the matrix and shows less damage. The elements near to the left side boundary
conditions do not show significant damages because according to Eq. (4.3) pure
compressive stress will not cause any damage in the matrix. Indeed those elements are

under pure compressive stress.

Figure 4.7 presents MAXSCRT for 0.057 in. deformation load for the thick matrix.
According to Figure 4.7 (a) to 4.7(b) the maximum MAXSCRT value is 0.13 and 0.18 for
the triangular pattern under the dry and wet conditions respectively. In Figure 4.7(c) and
(d), the maximum MAXSCRT value is 0.21 and 0.30 for the sawtooth pattern under the
dry and wet conditions respectively. The MAXSCRT value less than 1.0 means no
element exposed to damage but will damage with changes in deformation duration time
or higher deformation magnitude. Figure 4.7(e) and 4.7(f) shows the maximum
MAXSCRT value 1.0 for the top elements, means cohesive damage occurred for the
rectangular pattern. It should be noticed that the minimum value of MAXSCRT are

showing zero but this is not zero rather very small; the values are showing zero since the
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MAXSCRT values are rounded up to two decimal points. The Triangular and sawtooth
patterns do not show damage but they definitely shows the path of the stress flow from
top the surface to the bottom surface of matrix. This stress flow and path from the top to
bottom of matrix is not clearly visible for thin matrix as shown in Figure 4.6. Damage
progresses from the top of matrix layer to the bottom of matrix layer following the stress
path as show in Figure 4.7(a) to 7(d). The locations of the maximum MAXSCRT for both
triangular and sawtooth patterns are on the surface and near 10.16 mm (0.4 in.) from the
left support. The region shows the stress concentration at the top of the matrix and
perpendicular stress path from the top of the matrix to the bottom of the matrix. This
location is important because for both thin and thick matrix the path is similar. For thin
matrix, when the cohesive damage occurred at the top of the matrix than this
perpendicular path at the end of the loading zone is followed to initiate and progress of
the adhesive damage at the bottom of the matrix. For the rectangular pattern in the Figure
4.7(e) and (f), this path is not present, since the cohesive damage initiates and dominates
at the top of the matrix for entire duration. This stress concentration path is more visible
when the deformation is ramped up like triangular and sawtooth pattern but not for
rectangular pattern when the deformation jumps to maximum intensity in a very short
time. Stress distributed evenly when load increase gradually with step time like the

triangular or the sawtooth pattern.

4.9.3 Damage Initiation, Distribution, and Progression

The Cohesive and the adhesive damage variations at the top of the matrix and at the
bottom of the matrix are not clearly differentiable in the contour diagrams as presented in

the Figure 4.6 and 4.7. For this reason, the variations of MAXSCRT magnitude are

99

www.manaraa.com



presented in Figure 4.8 for the triangular and the rectangular patterns under dry and wet
conditions for the 0.72 mm (0.0285 in.) deformation and for thin matrix. Figure 4.9
presents the MAXSCRT variation for thick matrix under dry and conditions. The x-axis
is the distance measured from the left side boundary conditions on the top and the bottom
of the matrix perimeter. The x-axis is taken up to 10.13 mm (0.4 in), because the applied
deformation is up to 10.13 mm (0.40 in.) on the top of the matrix. Also, from the contour
diagrams, it is observed that damage initiates at about 10.13 mm (0.4 in.) distance on the
perimeter. The y-axis presents the MAXSCRT values for the corresponding elements.
Only triangular and rectangular patterns are selected, since triangular pattern shows
MAXSCRT value less than 1.0 and rectangular pattern shows highest number of
elements exposed to damage for both thin and thick matrix. The first elements at both top
and bottom locations are not considered in the graphs, since the elements are horizontally
restrained only at the left side and it is assumed that these elements might influenced by

boundary conditions and will not provide accurate MAXSCRT values.

According to the Figure 4.8(a) and (b), it is observed that MAXSCRT value increases
gradually for the triangular pattern and abruptly for the rectangular pattern while distance
increases. This phenomenon proves that, cohesive damage initiates rapidly while
deformation magnitudes increases abruptly. The significance of Figure 4.8(a) is, under
both dry and wet conditions, elements at the bottom location shows higher MAXSCRT
value than top location. This means, cohesive damage initiates at the top of the matrix but
interface of the two materials influences the initiation and propagation of adhesive
damage at the bottom of the matrix elements. Clearly, interface between the two

materials influences to initiate adhesive damage at the bottom of the matrix and interface
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is the weakest region in the whole domain. According to Figure 4.8(b), for the
rectangular pattern, MAXSCRT at the bottom of the matrix is higher under wet
conditions than dry conditions. Again, lower stiffness and strength causes higher damage
under wet condition than dry condition. Also more elements at the bottom of the matrix
reach to the MAXSCRT value 1.0 under wet conditions than dry conditions but all the
elements at the top of the matrix reach to MAXSCRT value 1.0 under dry conditions.

However this scenario is not true for the thick matrix as explained in the next sections.

The MAXSCRT value is low at both top and bottom of the matrix according to Figure
4.9(a). Cohesive damage at top of the matrix under the wet condition is higher than the
dry condition. The scale of the MAXSCRT is kept same for both cases to see the
magnitude variations for triangular and rectangular patterns. As seen on Figure 4.9(b),
more locations are exposed to cohesive damage under wet condition than dry condition.
MAXSCRT value at the bottom of the matrix is very low so the adhesive damage is not
initiated yet. Clearly thick matrix helps to prevent adhesive damage but not cohesive
damage for both lower and higher deformations. This also proves that cohesive damage
initiates and progresses due to applied deformation magnitudes and intensity patterns but
adhesive damage initiates and progresses due to weak interface between the two
elements. Also, the wet condition shows higher cohesive and adhesive damages due to

lower stiffness and strength comparing dry condition.

4.9.4 Strength Degradation of Damaged Elements

It is defined that, when the MAXSCRT value reaches to 1.0 for an element, that element

is considered as damaged and unable to carry any stress upon deformation. This
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phenomenon is called Strength Degradation (SDEG) for that particular element. The
SDEG of a material is a scalar value varies from zero to one but only clearly visible in the
FEM model when the value is one. Progression of damage can also be clearly observed
by plotting SDEG of the matrix material. Figure 4.10 shows the SDEG value for the
rectangular pattern load under dry and wet conditions. The major similarity between the
MAXSCRT contour and the SDEG contour is that, SDEG contour only shows 1.0 where
MAXSCRT value is also 1.0. The SDEG contour helps to differentiate and identify
cohesive and adhesive damages clearly and later on based on SDEG contour,
quantifications of the adhesive and cohesive damages are performed. Explanations of

initiation and progression of damage are given in the previous sections.

In Figure 4.10 the SDEG are presented for thin matrix and for both 0.72 mm (0.0285 in.)
and 1.45 mm (0.057 in.) deformation load. The red color indicates strength degradation in
the matrix elements and the blue color indicates no degradation of strength in the matrix
elements. Cohesive damage observed for the 0.72 mm (0.0285 in.) deformation load
under the dry condition as shown in the Figure 4.10(a). Both cohesive and adhesive
damages observed for the 0.72 mm (0.0285 in.) deformation load under the wet condition
as shown in the Figure 4.10(b). Both cohesive and adhesive damages observed for the
1.45 mm deformation load under dry and wet conditions, but cohesive damage is
significantly higher under wet condition as shown in Figure 4.10(d). Dry sample shows
cohesive damage under 0.72 mm (0.0285 in.) deformation but exposed to both cohesive
and adhesive damage under 1.45 mm (0.057 in.) deformation. Wet sample shows both
cohesive and adhesive damage under 0.72 mm (0.0285 in.) deformation but adhesive

damage extends under 1.45 mm (0.057 in.) deformation.
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Figure 4.11 shows SDEG for the thick matrix for the rectangular pattern and for both
0.72 mm (0.0285 in.) and 1.45 mm (0.057 in.) deformation load. Damage due to the
rectangle intensity pattern is presented because MAXSCRT value due to the triangular
and sawtooth patterns are relatively small. One zoomed in section at damaged location is
presented for each condition to visualize the SDEG contour plots more clearly. Damage
initiation and propagation is observed in the thick matrix. The SDEG value ranges from
0.0 to 1.0 for all cases. It is observed that damage initiations are similar between thin and
thick matrix. Maximum cohesive damage is observed at the surface of matrix and at the
end of loading zone for both dry and wet conditions and for two different deformation
magnitudes. Thick matrix shows cohesive damage and no adhesive damage is observed
for any intensity pattern and deformation, since thicker matrix sustains more deformation
than thinner matrix and transfer less stresses to the weaker interface region. It is also
observed that damage is more under the wet conditions than the dry conditions since wet
matrix has lower strength and stiffness than dry matrix. In addition, cohesive damage
propagates on top of both dry and wet conditions as deformation increases from 0.72 mm
(0.0285 in.) to 1.45 mm (0.057 in.). More elements at the top of the matrix reached to

MAXSCRT value 1.0 when deformation value increases.

4.9.5 Quantifying Damaged Area in Thin and Thick Matrix

The MAXSCRT contour provides locations of damaged and undamaged matrix elements;
the SDEG contour provides specific location of damaged matrix. In order to measure
severity of damage under the dry and the wet condition it is necessary to quantify damage
and separate it into the adhesive and cohesive damages. The damaged areas are quantified

by measuring the matrix area that is exposed to cohesive and adhesive damages. The
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SDEG contour plots are selected to quantify adhesive and cohesive damages. The area of
single element for both thin and thick matrix is 0.065 square mm (0.0001 square in.).
Number of damaged elements are counted and multiplied by the area of the element to
determine damaged area. Total undamaged area of thin matrix is 15.48 square mm (0.024
square in.) and thick matrix is 39.35 square mm (0.061 square in.). It can be noted that
thin matrix is divided into 4 equal layers of which top three layers are used in the
cohesive damage calculations and the bottom single layer that interfaces with aggregate
surface is considered for the adhesive damaged area calculation. The percentages of
damaged to undamaged areas are calculated. It is observed that cohesive damage initiate
at the top layer of matrix and then progress at the bottom of matrix and initiates adhesive
damage and keep progressing from the bottom of matrix as cohesive damage into the

matrix.

A summary of adhesive and cohesive damaged matrix area are given in Table 4.4.
According to the table total 13.3% of the matrix area is damaged under dry condition;
among this 12.47% area shows cohesive damage and 0.83% dry matrix area shows
adhesive damage. 29.6% of the matrix area is damaged under wet condition; among this
19.18% area shows cohesive damage and 10.42% area shows adhesive damage. When
deformation increases from 0.72 mm (0.0285 in.) to 1.45 mm (0.057 in.), then total
29.60% of matrix area is damaged under dry condition; among this 15.85% area shows
cohesive damage and 13.75% area shows adhesive damage. On the other hand, total
46.15% of matrix area damaged under wet conditions; among that 30.30% area shows
cohesive damage but 16.67% area shows adhesive damage. Thick matrix shows

significantly low cohesive damage than thin matrix and no adhesive damaged area is
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observed. Total 4.1% area is cohesive damaged under dry condition, while 4.8% is
damaged under wet condition. When deformation increases, 5.6% of matrix area shows
cohesive damage comparing to 6.1% area under wet condition. Adhesive damage
increases significantly under the dry and wet conditions while deformation increases
from 0.72 mm (0.0285 in.) to 1.45 mm (0.057 in.). For thin matrix and higher
deformation, both adhesive and cohesive damages seem vulnerable; on the other hand,

cohesive damage is sensitive to both lower magnitude loads.

4.10 Conclusions

1. Top surface of the matrix showed cohesive damage and cohesive damage is
higher under wet condition than dry condition. Matrix material near the interface
region shows adhesive damage and adhesive damage is higher under wet
condition than dry condition. Adhesive damage is the driving factor for pavement
degradation and measure needs to be taken to reduce adhesive damage as well as
cohesive damage in AC.

2. Upon deformation, cohesive damage initiates at the top of matrix and then
damage propagates towards the bottom of matrix and matrix-aggregate interface
and initiates adhesive damage. Adhesive damage is significantly higher under the
wet condition and for the rectangular pattern. This finding also supports the
previous conclusion regarding adhesive damage, which is critical for ultimate
degradation of AC.

3. Interface region is weakest considering the whole domain. The weakest interface

is also a reason for higher adhesive damage in AC. The commonly used additives
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used to prevent moisture damage in AC, such as lime, are needed to evaluate
more to strengthen the interface between aggregate and matrix material.

Only cohesive damage is observed in thick matrix but both cohesive and adhesive
damages are observed in thin matrix. Higher matrix thickness improved
deformation carrying capacity and transferred less stresses to the interface, so no
adhesive damage near interface. In general, interface between the two materials
need to be improved to reduce the adhesive damage and improve the overall
performance of AC. An optimum asphalt content should be determined that will
reduce adhesive damage at the interface by providing thicker matrix coating on
coarse aggregate. Also pre-coated aggregate might reduce adhesive damage and
more studies are required in this area.

The worst damage scenario observed for thin matrix with 1.27 mm (0.057 in.)
deformation; about 16.67% and 30.30% matrix exhibits adhesive and cohesive
damages respectively under wet condition. On the other hand, 13.75% and
15.85% matrix material exhibits adhesive and cohesive damages respectively

under dry condition.
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Table 4.1 Laboratory test results under dry and wet conditions

Test type

Ultimate strength

E-value

Compression
Dry
Shear

2.61 MPa (379 psi)

0.81 MPa (118 psi)

192.72 MPa (27,952 psi)

147.64 MPa (21,413 psi)

Compression
Wet

Shear

2.02 MPa (293 psi)

0.56 MPa (81 psi)

129.44 MPa (18,773 psi)

139.10 MPa (20,174 psi)
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Table 4.2 Deformation intensity patterns and functions specify in ABAQUS

Triangle Sawtooth Rectangle
i=0att=0 i=0att=0 i=0att=0
i=1.0att=0.05 i=10att=0.03 i =1.0att=0.0000001
i=0att=0.10 i=10att=0.07 i=1.0att=0.0999999
i=0att=0.10 i=0att=0.10
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Table 4.3 FEM model analysis matrix

Condition Matrix Thickness Deformation Intensity Pattern Deformation value
Triangle
Dry 0.508 mm (0.02 in.) 0.72 mm (0.0285 in.)
Sawtooth
Wet 1.27 mm (0.05 in.) 1.45mm (0.057 in.)
Rectangle
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Table 4.4 Adhesive and cohesive damaged matrix area for rectangular intensity pattern

load

Thin matrix Thick matrix
Deformation
Damage type
magnitude
Dry Wet Dry Wet
Cohesive damage 1247%  19.18% 4.1% 4.8%
0.508 mm
(0.0285in.)
Adhesive damage 0.83%  10.42% - -
Cohesive damage 15.85%  30.30% 5.6% 6.1%
1.27 mm
(0.057in.)
Adhesive damage 13.75%  16.67% - -
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~90 «— Matrix
Coarse aggregate

Fine aggregate

Fines

Adhesive damage

Cohesive damage

(b) Loss of bonding

Figure 4.1 Schematic of adhesive and cohesive damage in AC
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(a) Sample under compression test (b) Direct shear test setup

Figure 4.2 Compression and shear tests on matrix
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Loading length=10.16 mm (0.4 in.)

|
Aggregate

Matrix

Aggregate radius = 0.75 in.

Figure 4.3 Aggregate-matrix FEM model geometry
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Figure 4.4 Deformation intensity patterns used for FEM modeling
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Figure 4.5 Maximum values of Maximum Stress Criteria (MAXSCRT) for three intensity
patterns under dry and wet conditions for thin and thick matrix
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Figure 4.6 Maximum Stress Criteria (MAXSCRT) under dry and wet conditions for 1.45
mm (0.057 in.) deformation and for thin matrix
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Figure 4.7 Maximum Stress Criteria (MAXSCRT) under dry and wet conditions for 1.45
mm (0.057 in.) deformation and for thick matrix
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Figure 4.8 Maximum Stress Criteria (MAXSCRT) in the matrix measured from the left
side boundary conditions for the 0.72 mm (0.0285 in.) deformation and for the thin
matrix
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Figure 4.9 Maximum Stress Criteria (MAXSCRT) in the matrix measured from the left
side boundary conditions for the 0.72 mm (0.0285 in.) deformation and for the thick
matrix
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Figure 4.10 Strength degradation (SDEG) of matrix under dry and wet conditions for
1.45 mm (0.057 in.) deformation and for thin matrix
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Figure 4.11 Strength Degradation (SDEG) in the thick matrix under dry and wet
conditions
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CHAPTER 5

DAMAGE AT MATRIX-AGGREGATE INTERFACE

51 General

This chapter describes the coupled cohesive and adhesive damage in matrix materials and

matrix-aggregate interface, respectively, and effects of moist aggregate in the AC.

5.2 Introduction

Asphalt concrete (AC) is a geological composite material consisting of coarse aggregate,
fine aggregate, fines and asphalt binder. In general, coarse aggregate is defined as
aggregate retained on a #4 (4.75 mm) sieve, fine aggregate is defined as aggregate
passing through a #4 sieve and retained on a #200 (0.075 mm) sieve, and fines are
defined as aggregate passing through a #200 sieve. A mixture of asphalt binder with fine
aggregate and fines are known as matrix materials (Caro et al. 2010b; Degrieck and Van
Paepegem 2001; Fakhari Tehrani et al. 2013). Matrix materials make a coating on coarse
aggregate while mixing and compacting with coarse aggregate. This study focuses on the

behavior of AC for unconditioned (dry) and moisture-induced (wet) conditions.

Moisture-induced damage in AC has been studied for decades (Birgisson et al. 2003;
Fromm 1974; Graf 1986; Kim et al. 2004; Mohamed 1993). Moisture gets into the AC
pavement when rainwater gets through pavement cracks or due to capillary action from
the bottom of the subbase resulting from a high ground water table or seepage flow.
Moisture diffuses through the matrix materials and infiltrates into the matrix-aggregate

interface and saturates the aggregates. It has been well established by the researchers that
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moisture causes damage in AC. Damage due to moisture in AC occurs mostly in the
matrix or interface of the materials (Tarefder et al. 2009). Most researchers agree that
damage due to moisture inside an aggregate particle is limited. Rather, most of the
moisture damage occurs in the matrix materials. This study focuses only on the effects of

moisture in the matrix materials and the matrix-aggregate interface.

Damage in AC can be categorized into damage in the matrix materials and damage at the
matrix-aggregate interface. In this study, damage in the matrix materials are expressed as
cohesive damage and damage at the matrix-aggregate interface is expressed as adhesive
damage (Cheng et al. 2003; Khalid and Monney 2009; Kutay et al. 2007; Spinel 2009;
Wasiuddin et al. 2011). The phenomena of adhesive and cohesive damage are shown
schematically in Figure 5.1. Figure 5.1(a) shows a fresh dry sample of AC that has not
been subjected to any damage: coarse aggregate surrounded by matrix materials. Figure
5.1(b) shows moisture diffusing from the top of the sample through matrix materials, but
the coarse aggregate is not saturated yet. Figure 5.1(c) shows moisture diffusing into the
coarse aggregate saturating the aggregate and matrix materials. Figure 5.1(d) shows
cohesive and adhesive damage due to the moisture diffusion. Cohesive damage is due to
softening of the matrix materials by action of the moisture inside the matrix materials and
adhesive damage due to the loss of bonding by the action of water at the matrix-aggregate

interface.

Few studies have been considered in the past to understand the evolution and progression
of matrix damage under dry and wet conditions (Abu Al-Rub et al. 2010; Kringos et al.
2008a; Kringos et al. 2008b). Both dry and wet AC show adhesive and cohesive damage,

but it is expected that wet AC will show higher adhesive and cohesive damage due to the
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chemical and physical action of water in the matrix materials and matrix-aggregate
interface. Conventional laboratory tests on large scale AC samples show the differences
in strength in wet AC from dry AC (Azari 2010; Nadkarni et al. 2009; Shah 2003; West
et al. 2004). In addition, atomic and nanoscale tests show promising results to evaluate
moisture-conditioned asphalt binder and AC samples respectively (Tarefder and
Arifuzzaman 2010). However, the mechanical actions of moisture inside the material and
at the interface of two materials are not well understood. Most of the previously
mentioned studies are limited to cylindrical shape samples or full-scale pavement
sections or models to understand the damage caused by moisture. It is also necessary to
understand damage behavior at the small scale since damage initiates at the small scale
and can be observed clearly at the large scale. In addition, proper precautions can be
taken to reduce moisture-induced damage if small-scale behavior is understood. This
study is carried out on small-scale AC samples to understand the mechanical action of

moisture inside the matrix material and at the matrix-aggregate interface.

5.3  Objectives

The objective of this study is:

1. To understand and investigate the mechanical action of moisture in matrix
materials and at the interface of two different materials such as the matrix

materials and the aggregate.

An aggregate coated with matrix materials representing a small-scale mechanical model
of AC, compared to the large-scale laboratory specimen, is selected since the small-scale
AC sample will provide a more in depth view of the mechanical action of moisture. In
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this study, plotting the stress-strain relationship of undamaged and moisture-induced
damaged materials, quantifying the amount of damage caused in the matrix materials, and
quantifying the permanent strain in the matrix materials determine the matrix material
damage behaviors. The matrix-aggregate interface damage behaviors are determined by
measuring the interface contact status in terms of contact stress, contact opening and
contact displacement. The effect of moisture in the matrix materials and at the matrix-
aggregate interface is determined by computing results under dry and wet conditions and

comparing results from the dry condition.

5.4  Previous Studies on Damage Computation in AC

The concept of damage mechanics is introduced in the early 1920s, but a major
breakthrough occurred in the late 1950s by L. M. Kachanov (Lemaitre 1996). Damages in
material due to environmental degradation such as the presence of moisture and damage
in concrete materials due to non-homogeneous material is introduced (Kachanov 1986). It
is also mentioned that geo-materials and polymers change their mechanical properties
under the influence of the environment even in the absence of stress. Further, concrete-

like materials have weak mechanical resistant due to non-homogeneity.

Damage in AC has been studied for decades. In early 1990, damages in viscoelastic
materials in terms of accumulated viscous strain is described (Lemaitre and Desmorat
2005). Initially, this visco-elastic damage model is widely applied on fiber reinforced
composite materials (Voyiadjis and Allen 1996; Voyiadjis et al. 1998). Later on, the
visco-elastic damage model is applied to AC (Park et al. 1996). Y. Richard Kim (2009)

modified the viscoelastic damage model and developed a Visco-Elastic-Plastic
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Continuum Damage (VEPCD) model to study initiation and accumulation of micro-
cracking due to material damage and to study damage progression. Finite element method
modeling (FEM) is implemented using VEPCD and simulation of damage growth due to
accumulation of viscous strain under fatigue loading is performed (Y. Richard Kim et al.
2008). According to the author’s knowledge, the VEPCD model is applied on the full
scale AC pavement model but not on the small-scale AC such as only one aggregate
coated with matrix material. Moreover, VEPCD provided damage as a bulk measurement
and is not separated into cohesive and adhesive damage. Desai et al. defined disturbance
as a damage to measure the translation, rotation and micro-structural changes within AC
materials (Y. Richard Kim 2009). Desai’s Disturb State Constitutive (DSC) model has
not been used to characterize stiffness degradation of matrix or disturbance in matrix due

to moisture.

Several FEM based damage models are developed to characterize linear viscoelastic and
visco-elastic-plastic materials (Abu Al-Rub, Darabi, et al. 2011; Abu Al-Rub, You, et al.
2011; You et al. 2012). Most of the models used VEPCD or modified VEPCD with a user
defined constitutive equation implemented in FEM model for full-scale pavement or
cylindrical core specimens. Damage due to accumulation of viscoelastic and viscoplastic
strain showed different temperatures under loading conditions. The average stress-strain

relationship of the models compared with the different strain rates.

Many studies are done to identify damages under dry and wet conditions in AC (Ban et
al. 2011; Bhasin et al. 2006; Birgisson et al. 2003; Fromm 1974; Kringos et al. 2008a;
Spinel 2009; Tarefder and Arifuzzaman 2010). Most of the studies evaluate damages in

AC by laboratory measurements. Even though both laboratory investigations and FEM
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model studies agreed with the concept of adhesive and cohesive damages, very few of
them identified and evaluated those damages in FEM models. Most of the studies
emphasized the total damages of AC similar to the VEPCD model. Also, none of the
studies included and evaluated both adhesive and cohesive damages in a single FEM
model. In addition, very few studies conducted FEM analysis under both dry and wet

conditions.

55 Methodology

FEM modeling technique is used to determine the behavior of AC under dry and wet
conditions. ABAQUS, which is commercially available FEM software, is used as a FEM
tool. An FEM model is developed considering an aggregate coated with matrix materials.
The damage model and material model parameters for matrix materials are determined by
laboratory investigations under dry and wet conditions. Also, the damage model
parameters for the matrix-aggregate interface are determined from laboratory tests under
dry and wet conditions. In addition, the material model parameters of aggregate under dry
and wet conditions are collected from other studies. Three FEM models are simulated by
considering dry matrix coated on dry aggregate, wet matrix coated on dry aggregate, and
wet matrix coated on wet aggregate. The dry matrix-aggregate interface is considered to
be in between the dry matrix and dry aggregate, the wet matrix-aggregate interface is
considered to be in between both the wet matrix and dry aggregate, and the wet matrix
and wet aggregate simulations. It is assumed that no damages occur in the aggregate, but

the wet aggregate might influence the damage at the matrix-aggregate interface.
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The limitations of this study are considered to be a spherical shaped coarse aggregate
coated with matrix materials. Obviously, it can be argued that the spherical aggregate is
not a true representation of aggregate particles that reside in an AC. Similar argument can
be made on the size of the aggregate particle. The fact is the shape and size of the
aggregate particle varies a great deal in AC. Therefore, a study that would consider the
effects of the size and shape on the outcomes of the asphalt cohesion and adhesion can
itself be complex but doable. A very thin matrix layer is considered on the aggregate and
the layer behavior is assumed as elastic. Matrix material shows elastic behavior at low
temperature and viscoelastic behavior at high temperature. A static deformation is
considered as an input load on the matrix materials even though AC pavement
experiences cyclic load from tire pressure. The use of cyclic load would be practical if the
strain growth in the viscoelastic material is considered. Since matrix materials are
modeled as elastic material, cyclic load application will not show any effect on the

materials.

5.6 Introduction to Damage Models

5.6.1 Damage Model for Matrix Materials

The maximum stress criteria damage model is used to define cohesive damage in matrix
materials. The model is defined by a monotonically increasing stress-strain up to a critical
point followed by a monotonically decreasing softening curve (Lucas et al. 2007). Figure
5.2 shows a linear stress-strain behavior up to the maximum strength (i.e. line AB) of
material with linear softening part (i.e. line BC). The material is considered damaged

while the stress value is reached at point B from point A. This stress-strain relationship
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for computing damage in a material is known as maximum stress criteria. Maximum
stress criteria has been implemented as cohesive zone modeling for predicting the multi-
scale damage model by FEM (Kim et al. 2012). An aggregate coated by asphalt
considered as small-scale and a large-scale AC pavement consisting of several
aggregates. Average stress and strain in the FEM models have computed and compared
for both undamaged and damaged conditions. In this model, damage is not considered
due to moisture as it is mentioned earlier, damage can occur under dry condition, also.
The cohesive zone model has also been implemented by FEM for cylindrical AC sample
(Kim et al. 2005). Only stress and strain relationships have been computed for different

strain rates.

An elastic constitutive matrix that relates to the nominal stress and nominal stain in the
elements defines the elastic behavior. The stress tensor o can be expressed in terms of

stiffness E and ¢,

o, = Ejg; (5.1)

The nominal stress vector consists of three stress components: o, acting to the pure
normal direction, o5 acting toward the first shear direction and o acting toward the second
shear direction. The modulus matrix consists of nine diagonal components: Ep, is the
stiffness in the pure normal mode, E; is the stiffness in the first shear direction and Ey is
the stiffness in the second shear direction. Damage is assumed to initiate when the
maximum nominal stress ratio reaches a value of one and is expressed in maximum stress

criteria
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where & is the nominal strength toward the normal direction of the matrix, o is the
nominal shear strength toward the first direction and & is the nominal shear strength

toward the second direction measured in the laboratory. The symbol ( ) is known as
Macaulay bracket, which signifies that a pure compressive stress state does not initiate

damage.
5.6.2 Damage Model for Matrix-Aggregate Interface

Similar to the cohesive damage model, the adhesive damage model can be presented in
terms of load and displacement since adhesive damage occurs at the surface, which is the
interface of the matrix and aggregate in this study. Figure 5.2 also presents in terms of
force and displacement instead of stress and strain. The force-displacement is also known
as the traction-separation law. Traction-separation is used widely for damage prediction
in fiber-reinforced composite materials (Saanouni 2001; Vallejo and Tarefder 2011,
Voyiadjis et al. 1998). The adhesive damage model is presented in terms of load-

displacement relationship,
t =K,5, (53)

Three components of traction such as t;, t; and t; are the surface in three orthogonal
directions, K’s are the stiffness coefficients and o1, J, and o3 are three deformation

components due to the respective forces. The ratio between the interface strength and
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load is measured along the normal to the surface and tangential direction (i.e. shear

direction) of the surface. Traction-separation criteria is shown as

max{<t—l> L t—S}:l (5.4)

2 t) 't
wheret’,t? and t?are the interface strength for normal and shear directions.

In this study, only compressive strength and shear strength to the first direction of the
matrix materials and tensile strength and shear strength to the first direction for the
interface are measured in the laboratory. When the wheel load is applied on AC
pavement, it experiences compressive stress in the matrix materials and slip occurs at the
matrix-aggregate interface. For this reason, compressive tests are done for matrix

materials and tensile pull-off tests are done on the matrix-aggregate interface.
5.6.3 Contact Modeling Techniques in ABAQUS

Interface modeling is necessary while two materials with different material properties are
in contact, therefore, the interface modeling is also known as contact modeling in
ABAQUS. In this study, the matrix materials are coated on aggregate and surface-based
contact modeling is used to create an interface between them. The inner surface of matrix
materials and outer surface of aggregate are created as surface, and then the two surfaces
are joined together and act as an integrated surface. The joined surfaces behave as a
cohesive surface. The damage model for the cohesive surface is assigned according to
Eq. (5.3). The integrated surface is de-bonded while the damage occurs at the interface.

The intentions of this study are to evaluate the de-bonded phenomena at the interface of
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the matrix materials and aggregate. For this reason, the surface based interface modeling
technique is selected. It should be noted that, when de-bonding occurs at the interface, the
inner surface of the matrix materials and outer surface of the aggregate separate from
each other. Before separation, the nodes belong to the matrix materials and the aggregate

overlapped each other and no new node is created at the damaged surface.
5.7 Laboratory Investigations
5.7.1 Test on Matrix Materials

Laboratory tests are conducted to determine inputs of FEM model. A Superpave mix (SP-
B) is collected from a local plant in cooperation with the New Mexico Department of
Transportation (NMDOT). To separate the matrix from the SP-B mix, the loose mix is
heated at 151 °C. Once heated, the mix is agitated on a flat surface by hand until the mix
cooled to room temperature (23 °C). The mix is then shaken over a customary U.S. sieve
of size designation #10 (2.0 mm) sieve. All of the loose mix retained on the #16 (1.19

mm) sieve and retained on the #200 (0.075 mm) sieve is collected as matrix material.

Cylindrical samples are molded inside a Harvard miniature mold. These samples are
compacted to a target void ratio of 4.0 = 0.5%. The void ratio is calculated by the mass of
the matrix material needed to fill the mold volume of 68334.06 mm?® (4.17 in®) using a
maximum specific gravity of 38.673 g/in® and 4.0 + 0.5% air voids. The matrix material
is heated in an oven at 590 °F for one hour and then compacted in the cylindrical mold in
three lifts. Immediately after compaction, samples are extruded from the mold and
allowed to cool to room temperature. Next, the samples are sliced using a lab saw at both
ends to 69.85 mm (2.75 in) length so as to eliminate excessive voids at the ends of the
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sample. For wet conditioning, samples are soaked for 48-hours under water at room

temperature and at a pressure of 30 mm Hg.

Both compressive and shear strength tests are performed on the matrix materials. The
bottom of the matrix sample is attached to the Universal Testing Machine (UTM). The
crosshead is then raised so that the top post came into contact with the loading frame.
Test data is recorded until the sample failed. Shear test is also performed for the matrix.
A loading rate of 1.27 mm/min (0.5 in/min) is used for both tension and shear tests. The
results for the compression and shear test are summarized in Table 5.1. The results are
averaged for three dry and wet samples. E-values are determined by measuring the slope
of the secant modulus (Santi et al. 2000). The secant modulus is defined as the slope
connecting the origin to 50% of the maximum strength of the material. The secant
modulus is used as the Elastic modulus in the FEM modeling. The test results are shown

in Table 5.1.

5.7.2 Test on Matrix-Aggregate Interface

Laboratory aggregate pull-off tests under both dry and wet conditions are done to
measure the stiffness of matrix-aggregate interfaces. For tensile pull-off test, a coated
aggregate is cut in half and the flat face is exposed to air and the other coated end is
embedded in the matrix up to the half of the aggregate. The wet and dry matrix samples
are compacted to a target void ratio of 4 £0.5% for both tension and shear tests. The wet
condition is prepared following AASHTO T283 (2007) method before conducting the
pull-off test. The flat end is fixed with the loading frame with glue and the bottom of the

matrix material container is also fixed with the base. The sample is then load in tension at
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a rate of 1.27 mm/min (0.05 in/min). Two samples are prepared; one sample is kept dry

and the other is wet conditioned before the test.

Aggregate pull-off tests are also performed under direct shear load. The matrix material
samples are prepared in similar fashion except the materials are prepared in the shear box
of the direct shear testing equipment. The hot matrix material is compacted in two lifts
into the bottom half of the shear box. Just before the final compaction of the top layer, a
coated and fractured face of hot aggregate is pressed onto the surface of the top lift and
compaction to the required volume is then completed to ensure proper contact between
the aggregate and the matrix. Three samples are left in a dry condition and the other three
are wet conditioned following AASTHTO T283 standard (2007). The top of the shear
box is placed on the bottom of the shear box and the apparatus is placed into the direct
shear machine. The set screws in the shear box are removed and the height of the top of
the shear box is raised so that no matrix material impeded the shearing of the aggregate.

The sample is then loaded in shear displacement at a rate of 1.27 mm/min (0.05 in/min).

The average tensile and shear strength of three dry samples and three samples are
calculated and presented in Table 5.2. The tensile and shear strength of the aggregate
pull-off is higher under dry conditions than under wet conditions. The K-values of
mastic-aggregate interface due to tension and shear is determined by measuring the slope
of the curve before the peak load, also known as the secant modulus. The average K-

value of three samples under dry and wet conditions is presented in Table 5.2.

The elastic modulus of dry and wet aggregate is collected from the previous study.

Aggregate modulus under dry and wet condition has been measured by nanoindentation
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tests (Tarefder & Arifuzzaman, 2010). Aggregate elastic modulus is taken as 87,061 MPa

and 5,721 MPa under dry and wet condition respectively.

5.8 FEM Model Development

The FEM model is developed using ABAQUS/CAE 6.9-EF1, commercially available
software. A two-dimensional idealization of a spherical aggregate with a radius of 19.05
mm (0.75 in) and coated with matrix materials with a thickness of 0.508 mm (0.02 in) is
considered as shown in Figure 5.3. For simplicity, one quarter of a spherical coarse
aggregate surrounded by a layer of matrix material is the model considered for this study.
The interface layer between the matrix materials and the aggregate is schematically
drawn in the Figure 5.3(b). Though AC is considered to be visco-elastic-plastic material,
matrix is assumed to behave elastically since the matrix thickness in this study is very
small compared to the diameter of the coarse aggregate. The loading and the shape of the
FEM model are symmetrical to the vertical axis. Hinge boundary condition (BC) is used
at the bottom and roller BC is used at the left side of the model. Four noded linear
quadrilateral cohesive elements are used to define the matrix materials. Linear elements
are used since quadratic elements are not available for assigning a cohesive element.
Three and four noded linear quadrilateral plane stress elements are used to define the
aggregate. Combinations of both three and four noded elements are required due to the

spherical shape of the aggregate.

In the FEM model, instead of applying a load, a specified deformation is applied.
Deformation magnitudes 1.45 mm (0.057 in) are applied on the FEM model. The

magnitude of the deformation is calculated based on a standard duel tandem wheel on a
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pavement. It has been observed that a dual tandem wheel of total 889.64 KN (200,000 Ib)
load produces a 1.45 mm (0.057 in) deformation in a 203.02 mm (8 in) thick AC
pavement (Huang 2004). Therefore 1.45 mm (0.057 in) deformation is considered. The
1.45 mm (0.057 in) deformation is applied statically with a time step of 0.01 sec. The
maximum time step is considered as 1.0E-5. It is observed that a lower time step provides
good results. The deformation load is applied in ABAQUS on 10.16 mm (0.4 in) length
of matrix. Usually, indirect tensile strength of AC is determined by subjecting
diametrically though a 20.32 mm-25.4 mm (0.8-1.0 in) loading strip by AASHTO T283
(2007). Since the model is symmetric, deformation load is applied over 10.16 mm (0.4 in)

length.

5.9 Results and Discussions

5.9.1 Matrix Damage Contour

Damage in matrix materials can be observed by plotting maximum stress criteria
(MAXSCRT) contour. Figure 5.4 presents the MAXSCRT contour under dry and wet
conditions. Figure 5.4(a) shows the FEM model with the applied deformation expressed
by the downward arrow on the FEM model. The arrows at the top of the model represent
the applied deformation and are placed on the perimeter of the model up to 10.16 mm
(0.40 in), exactly as it is placed in the FEM model. Damage is observed under the applied
deformation zone. Figure 5.4(b) is the zoomed section of the damaged location for dry
matrix and Figure 5.4(c) is the zoomed section of the damaged location for wet matrix.
The MAXSCRT contour color ranges from blue to red and the maximum magnitude is

1.0 for the red color. The matrix materials are damaged when the MAXSCRT value is
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1.0. The matrix materials are not damaged if the MAXSCRT value is less than 1.0. It
should be noted that the blue color shows zero magnitude, but the value is very small and

shows zero because the magnitude is rounded for two decimal digits.

According to Figure 5.4(b) and 5.4(c), it is clear that wet matrix materials show higher
damage than dry matrix materials. Damage is higher at the end of the applied
deformation zone than at the top of the model and near the left BC. MAXSCRT value is
the maximum value computed from the ratio of normal and shear stress. For
understanding more about MAXSCRT contour, the normal and shear stress distribution at
the top of the matrix materials are presented in Figure 5.5. Figure 5.5(a) and 5.5(b) shows
the maximum normal stress and shear stress at the top of model for dry and wet matrix
materials. The x-axis is the distance on the perimeter of the top of the matrix materials
measured from the top left corner of the applied deformation region. The stress values are
plotted up to the end of the loading region because damage is observed up to the end of
loading region. It should be noted that normal stress is decreasing and shear stress is
increasing as distance on the perimeter is increasing. This is due to the spherical shape of
the model. The maximum normal stress is 1.857 MPa and the maximum shear stress is
0.814 MPa for dry matrix materials. The maximum normal stress is 1.488 MPa and the
maximum shear stress is 0.558 MPa for wet matrix materials. It should be noted that
shear stress shows constant maximum magnitude and normal stress drops significantly
while shear stress reaches its maximum values. The locations where shear stress shows a
constant maximum are the damaged locations and the wet matrix shows a longer

damaged location than the dry matrix. It can be concluded that the matrix material

137

www.manaraa.com



coating spherical aggregate is exposed to damage due to shear stress rather normal stress

and the damage is higher for wet matrix materials.
5.9.2 Effects of Moisture in Matrix Materials

Wet matrix shows higher damages then dry matrix as seen in the MAXSCRT contours.
The contour plot gives a good comparison between dry and wet matrix. For
understanding more about the influence of moisture in the matrix materials, the
MAXSCRT values for each layer of matrix materials are measured and plotted in Figure
5.6. The thickness of the matrix layer is 0.508 mm (0.02 in) and divided into four layers,
each with a thickness of 0.127 mm (5E-3 in). The MAXSCRT value for each element
under the deformation zone is measured from the model and plotted for dry and wet
conditions. It should be noted that the 2" and 3" layers show higher MAXSCRT values
than the 1% top layer at the beginning and mid region. This could be due to the stress
concentration at the 2" and 3™ row of the thin matrix materials. All three layers from the
top show a MAXSCRT value of 1.0 for some locations and are recognized as the
damaged location as shown in Figure 5.6(a) and 5.6(b). The damaged length is 1.99 mm
for dry matrix and 3.24 mm for wet matrix. About 0.758 square mm of dry matrix and
about 1.234 square mm of wet matrix are exposed to damage. Moisture causes 62.80%
more damage in matrix materials considering only the region under the applied

deformation.
5.9.3 Behavior of Matrix Materials

Both dry and wet matrix materials are damaged under the applied deformation, but the
wet matrix shows higher damage then the dry matrix due to lower strength and stiffness.
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Figure 5.7 presents a zoomed section of the damaged matrix materials. The damaged
region is divided into three sub-regions; region 1 shows no damage for dry and wet
matrix, region 2 shows no damage for dry matrix but damage for wet matrix, and region 3
shows damage for both dry and wet matrix. A detailed stress-strain relationship is done

on the elements of the three regions in the above-mentioned sections.

It is observed that shear stress increases and normal stress decreases as the distance on
the perimeter increases. Also, damage occurs when shear stress reaches its capacity. For
this reason, normal stress-strain distribution is plotted for undamaged or region 1 matrix
materials, shear stress-strain distribution is plotted for damaged wet matrix materials or
region 2 and 3, and shear stress-strain distribution is plotted for damaged dry matrix
materials or region 3. Figure 5.8 shows normal and shear stress-strain distribution on an
element located at region 1. All diagrams show the expected linear relationship, though
the wet matrix shows a lower stiffness values then the dry condition. According to Figure
5.8(a), the maximum normal stress for the dry matrix is 1.7013 MPa and the
corresponding normal strain is 8.83E-3 mm/mm; the maximum normal stress for wet
matrix is 1.4488 MPa and the corresponding normal strain is 1.12E-2 mm/mm. The
calculated E-values from these plotted stress-strain relationships are 192.67 MPa and
129.36 MPa for dry and wet matrix respectively. Similarly, according to Figure 5.8(b),
the maximum shear stress for dry matrix is 0.06079 MPa and the corresponding shear
strain is 4.12E-4 mm/mm. The maximum shear stress under wet condition is 0.06143
MPa and the corresponding shear strain is 4.42E-4 mm/mm. The calculated E-values

from these plotted stress-strain relationships are 147.55 MPa and 138.98 MPa under dry
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and wet conditions respectively. The calculated E-values closely matched with the E-

values measured in the laboratory and given in Table 5.1.

Figure 5.9 shows the shear stress-strain distribution on an element located at region 2.
The dry matrix in region 2 is undamaged, but the wet matrix is damaged and damage is
observed for shear stress only. Figure 5.9(a) is an element located near the upper portion
of region 2 and closer to region 1. Figure 5.9(b) is an element located near the lower
portion of region 2 and closer to region 3. The stress strain relationship is linear for the
dry matrix since no damage occurred at region 2. The maximum stresses for the dry
matrix are 0.7540 MPa in Figure 5.9(a) and 0.7956 in Figure 5.9(b). All the maximum
stress values are smaller than the maximum shear strength of 0.81 MPa for the dry

matrix. For this reason no damage is observed under the dry condition for region 2.

On the other hand, the wet matrix shows damage after the shear stress reaches 0.5574
MPa in Figure 5.9(a) and 0.5578 MPa in Figure 5.9(b). According to Table 5.1, 0.56 MPa
is the maximum shear strength of the matrix under wet condition. The softening part of
the stress-strain returns to zero as damage progresses after the peak stress under the wet
condition. For Figure 5.9(b), at the end of softening curve, there is a remaining shear
strain, which represents permanent shear strain in the matrix materials. The remaining
strain is defined in this case as strain magnitude when the stress is zero. The magnitude of
the strain is 18.99E-3 mm measured from the damage initiation point to the tail of the
damage progression, also shown with an arrow in Figure 5.9(b). The magnitude of the
remaining strain is 8.8E-3 mm according to Figure 5.9(b). The significance of this
remaining shear strain is that the, lower portion of region 2 has higher damages than the

upper portion. It can be said that permanent shear strain increases when the distance on
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the perimeter increases from the left BC. Indeed, presence of moisture causes permanent
shear strain for damaged matrix materials and the amount of permanent shear strain is
higher for wet matrix than that of dry matrix. The stress-strain relationship for the

damaged dry matrix is explained in the following section.

Figure 5.10 presents the stress-strain relationship of the damaged section for both dry and
wet matrix. Figure 5.10(a) is plotted for an element located near the upper region of 3 and
near the lower region of 2 and Figure 5.10(b) is plotted for an element located near the
lower region of 3. Both the dry and wet matrix show damages in region 3, but the wet
matrix shows higher damage since permanent shear strain is higher for wet matrix than
dry matrix. The maximum shear stresses under the dry condition are 0.8099 MPa in
Figure 5.10(a) and 0.8130 MPa in Figure 5.10(b). The shear strength for the dry matrix is
0.81 MPa as mentioned in Table 5.1. It should be noted that the tail of the softening curve
under wet condition in Figure 5.10(a) and Figure 5.10(b) is extending when compared to
Figure 5.9(b). This means a more permanent shear strain is growing in this region for wet
matrix. The permanent strain for wet matrix is 29.20E-3 mm as measured from Figure
5.10(a). The permanent strain for wet matrix is 32.5E-3 mm and dry matrix is 4.10E-3
mm as measured from Figure 5.10(b). The permanent strain is approximately 693%

higher under wet matrix when compared with the dry matrix in Figure 5.10(b).

5.9.4 Matrix-Aggregate Interface Damage Contour

Damage in the matrix-aggregate interface can be observed by plotting the cohesive
surface maximum stress criteria (CSMAXSCR) contour. Figure 5.11 presents the

CSMAXSCR contour under dry and wet conditions. The CSMAXSCR contour color
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ranges from blue to red and the maximum magnitude is 1.0 for the red color. The
interface is damaged when the CSMAXSCR value is 1.0; the interface is not damaged if
the CSMAXSCR value is less than 1.0. It should be noted that the blue color shows zero
magnitude, but the value it is very small and shows zero because the magnitude is
rounded for two decimal digits. The arrows at the top of the model are the applied
deformation and placed on the perimeter of the model up to 0.40 in, exactly as it placed
in the FEM model. The CSMAXSCR value showing in Figure 5.11(b) and 11(c) is for
dry and wet matrix with dry aggregate respectively. Influence of wet aggregate at the
matrix-aggregate interface is explained in the later sections. According to Figure 5.11(b)
and 11(c), the wet interface shows higher damage than dry interface. The damage
variations for the wet interface compared to the dry interface is difficult to observe since
interface contour shown in Figure 5.11 is very thin. For this reason the interface stresses

are presented in the following sections and explained.

5.9.5 Effects of Moisture at Matrix-Aggregate Interface

Contact normal and shear stresses are presented in Figure 5.12 for dry and wet matrix
materials with dry aggregate. The perimeter is measured on the matrix-aggregate
interface from the left BC. According to Figure 5.12(a), contact normal stresses are
decreasing while the distance on the perimeter increases for both dry and wet matrix.
Contact normal stress drops to zero at the end of the loading zone and continues to show
negative magnitudes. The negative contact stress means compression, so at the end of the

loading zone the interface has compressive contact stress.
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On the other hand, shear contact stress increases while the distance on the perimeter
increases and then drops to zero and continues as zero up to the end of the applied
deformation zone. The zero shear contact state means no contact between the matrix and
aggregate, so the region is damaged. When deformation is applied on the model, the
interface shear contact stress increases and reaches to its maximum allowable contact
stress and initiates damage by separating the two surfaces. While the two surfaces
separate from each other, no shear stress is present on the surface, but normal stress is
present due to applied deformation. The no contact region length is higher for wet matrix
than dry matrix. About 6.46 mm and 5.5 mm of the interface lost contact for wet and dry
matrix respectively. About 17.45% more of the matrix-aggregate interface lost contact for

wet matrix when compared with the dry matrix.

5.9.6 Effects of Moist Aggregate at Matrix-Aggregate Interface

It is observed that interface damage occurred due to loss in contact between the two
surfaces. Moisture infiltrates through the matrix-aggregate interface and saturates the
aggregates and this might influence the contact stresses. Figure 5.13 is presented for
contact shear stress for the dry and wet interfaces with dry and wet aggregate. The
interface with dry and wet aggregate almost overlaps with each other. For this reason a
zoomed in section is drawn for the peak location. It is observed that the contact shear
stress shifts more to the right side for wet aggregate scenario than for the dry aggregate.
The maximum contact shear stress for dry aggregate is 0.1616 MPa and for wet aggregate
is 0.1592 MPa. The maximum shear stress for dry aggregate is 1.51% higher than wet

aggregate. Damage initiates for wet aggregate is almost at the same location where it is
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for dry aggregate. Significant differences are not observed for wet aggregate when

comparing to dry aggregate.

5.9.7 Matrix-Aggregate Interface Contact Status

Matrix and aggregate surface separates from each other at the interface damaged location.
This separation can be measured by plotting the contact opening between the two
surfaces. Figure 5.14 presents the contact opening at the damaged locations for dry and
wet matrix with a schematic diagram of the contact opening. It is observed that the
contact opening is higher for wet matrix than dry matrix up to some distance and then dry
matrix shows a significantly higher opening than wet matrix. The location where dry
matrix shows higher opening than wet matrix falls under region 3. The maximum contact
opening for dry matrix is 9.38E-15 mm and for wet matrix is 1.50E-15 mm at region 3.
The contact opening at region 3 is approximately 525% higher for dry matrix than for wet
matrix. Higher stiffness of dry matrix materials rebound more than less stiffness or wet
matrix materials when separation occurs. The maximum contact opening for dry matrix is
5.54E-16 mm and for wet matrix is 1.04E-15 mm in region 2. The contact opening for
wet matrix is about 88% higher than dry matrix. This suggests that contact separation is
more vulnerable for dry matrix than wet matrix due to higher strength of matrix

materials.

When matrix materials and aggregate surfaces separate, it not only shows an opening but
also shows the relative displacement from each other. Figure 5.15 shows the relative
displacement of surfaces for dry and wet matrix. Wet matrix shows lower relative

displacement than dry matrix. The maximum relative displacement for dry matrix is
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8.67E-5 mm and for wet matrix is 6.37E-5 at region 3. Dry matrix relative displacement
is approximately 36% higher than wet matrix. It should be noted that magnitude of the
contact opening is significantly lower than magnitude of the surface relative
displacement. Matrix materials try to slip more at the interface then separate from each
other since vertical load is applied on the spherical perimeter. The higher relative
displacement for dry matrix is also due to the higher strength and stiffness of dry matrix
compared to the wet matrix. The rebound effect causes higher displacement for dry

matrix compared wet matrix.

5.10 Conclusions

This study is conducted to understand and evaluate the behavior of AC under dry and wet
conditions. AC is made of aggregate coated with matrix materials. FEM modeling is used
to simulate behavior considering damage in the matrix materials and the matrix-aggregate
interface for dry matrix with dry aggregate, wet matrix with dry aggregate and wet matrix

with wet aggregate. The FEM model results are summarized below.

1. Damage occurred in the matrix materials coated on spherical aggregate due to
shear stress reached its capacity before normal stress reached its capacity.
Slipping occurred at the end of the loading zone since vertical deformation is
applied on the spherical shape model. In addition, shear stress is lower for wet
matrix compared to dry matrix. Eventually, moisture caused higher damage in the
wet matrix materials. Moisture caused 62.80% more damage in the matrix
materials when considering only the matrix materials under the applied

deformation region.
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Permanent shear strain is higher for wet matrix than dry matrix at the damaged
locations. Permanent strain is defined as strain magnitudes at zero stress after
damage occurred in the matrix materials. In certain locations, the permanent
shear-strain is approximately 693% higher for wet matrix when compared with
dry matrix.

Damage occurred at the matrix-aggregate interface due to shear contact stress
when it reached its capacity and interfacial de-bonding occurred at the damaged
locations. Interface de-bonding is higher for wet matrix than dry matrix with dry
aggregate. Moisture caused 17.45% more de-bonding at the interface region
compared to dry matrix.

Moist aggregate does not influence significantly at the matrix-aggregate interface.
De-bonding region is same for dry aggregate comparing wet aggregate with wet
matrix. The maximum shear contact stress is 1.51% higher for wet aggregate
comparing dry aggregate.

Matrix materials slide horizontally (i.e. relative displacement) and move vertically
(i.e. contact opening) after de-bonding occurs. Magnitude of the surface relative
to displacement is higher compared to the magnitude of contact opening. The
vertically applied load prevented vertical contact opening and the couple effect of
sliding and vertically applied load influenced relative displacement at the
damaged locations. A strong rebound effect of dry matrix is the cause for the

higher relative displacement and contact opening at the damaged locations.
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Table 5.1 Cohesive damage model parameters

Test type

Ultimate strength

E-value

Compression
Dry
Shear

2.61 MPa (379 psi)

0.81 MPa (118 psi)

192.72 MPa (27,952 psi)

147.64 MPa (21,413 psi)

Compression
Wet

Shear

2.02 MPa (293 psi)

0.56 MPa (81 psi)

129.44 MPa (18,773 psi)

139.10 MPa (20,174 psi)
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Table 5.2 Adhesive damage model parameters

Test type Ultimate strength K-value
Tension 391.44 N (88 Ibf) 3,706.42 N/mm (21,163 Ibf/in)
Dry
Shear 280.24 N (63 Ibf) 3,150.00 N/mm (17,987 Ibf/in)
Tension 244.65 N (55 Ibf) 2,858.25 N/mm (16,321 Ibf/in)
Wet
Shear 124.55 N (28 Ibf) 1,912.39 N/mm (10,920 Ibf/in)
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Figure 5.1 Schematic of moisture flow in AC that causes adhesive and cohesive damage
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Figure 5.3 Schematic of aggregate coated by (a) matrix materials, (b) separately shown
matrix materials, interface, and aggregate, and (c) FEM model with mesh, BC and
loading condition
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Figure 5.5 Maximum stresses at the top of the model for dry and wet matrix materials
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Figure 5.6 Maximum stress criteria (MAXSCRT) distribution in different layer of matrix
materials under dry and wet conditions.
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Figure 5.7 Maximum stress criteria (MAXSCRT) for dry and wet matrix materials under
the applied deformation zone
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Figure 5.11 Cohesive surface maximum stress criteria (CSMAXSCR) at the matrix-
aggregate interface for dry and wet matrix with dry aggregate
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Figure 5.13 Contact shear stress under dry and wet conditions with wet aggregate
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Figure 5.14 Contact opening under dry and wet conditions
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CHAPTER 6

DAMAGE OF MASTIC FILMS

6.1 General

This chapter describes the effects of vapor in mastic films. The vapor concentration is
measured at different level of humidity conditions and the normal and shear strength of

mastic films are measured.

6.2 Introduction

The mixture of fines (mineral size smaller than 0.075 mm) and asphalt binder is known as
asphalt mastic or mastic materials (Hossain and Tarefder 2013b; Kim and Little 2004;
Kringos et al. 2008a). The mixture of asphalt binder with fine aggregates (aggregate size
ranges from smaller than 4.75 mm to larger than 0.075 mm) is known as matrix materials
(Tarefder, Yousefi, et al. 2010). Two damage mechanisms named as adhesive and
cohesive damage in mastic have been recognized by researchers (Cheng et al. 2003,
Tarefder and Arifuzzaman 2010). Adhesive damage is the separation between aggregate
or mastic materials and cohesive damage is the strength degradation within the mastic or
matrix materials. It has been observed that both adhesive and cohesive damage increases
due to moisture or humidity (Abu Al-Rub et al. 2010; Azari 2010; Kringos et al. 2008b).
It has also been noticed that the interface between the aggregate and mastic is the weakest
region and more prone to initiate damage(Caro et al. 2010a; Copeland 2007). Damage

accumulates and causes fatigue cracking and other distress in the mastic and/or Asphalt
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Concrete (AC). This study determines mastic strength under different humidity

conditions.

Figure 6.1 represents a schematic diagram of mastic damage and failure of AC. Figure
6.1(a) shows a mastic film binding two hypothetical spherical shape aggregates. Under
vertical tire pressure and traction force, the aggregates tend to pull-off from each other
horizontally and vertically, as shown in Figure 6.1(b). As pull-off force increases,
damage occurs inside the mastic film and/or at the mastic-aggregate interface. Figure
6.1(c) shows damage initiates within the mastic film and propagated through the mastic-
aggregate interfaces. This study focuses on whether such mastic damage is affected by

the presence of water vapor.

Currently, a considerable amount of research is going on to define mechanical properties
such as dynamic shear modulus, fracture strength, and cohesive strength of mastic
materials to understand damage in AC (Hossain and Tarefder 2013b; Kim and Little
2004; Kim et al. 2005; Kringos et al. 2008a; Tong et al. 2013). Mastic-aggregate interface
strength is determined using ASTM D 4541 (ASTM Designation No. D4541-09 Standard
Test Method for Pull-Off Strength of Coatings Using Portable Adhesion Testers 2009)
known as pull-off strength of coating using portable adhesion tester, well known as
Pneumatic Adhesion Tension Testing Instrument (PATTI) test (Ban et al. 2011; Copeland
2007). In the PATTI test, the substrate is aggregate and the aggregate is coated with
mastic materials, a pull-off force is applied to the mastic materials. The pull-off strength
required to separate mastic film from the aggregate surface is recorded and the failure
surface is qualitatively analyzed. If more than 50% of the aggregate surface is exposed,

then the failure is adhesive, otherwise the failure is cohesive. The limitation of the PATTI
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test is the pull-off stud is not an aggregate; it is made of steel or ceramic plate attached to
a steel head. As a result, when the mastic film separates from the substrate aggregate, the
other side of the film is attached with stud materials. In addition, the PATTI test is unable
to measure shear pull-off strength. Though binder strength in between two aggregates are
determined using modified Dynamic Shear Rheometer (DSR) test (Moraes et al. 2011).
Very few studies have been conducted to understand the normal pull-off strength of
mastic using mastic in between two aggregates. Also, the fracture tests that have been
done to simulate cohesive zone fracture modeling using Finite Element Method (FEM),
have mastic materials in between polystyrene sheets (Kim et al. 2005). In their study, the
fracture strength of mastic materials is measured by applying normal pull-off forces from

two ends of polystyrene sheet.

Moisture causes damage in AC. In the following sections moisture and water are used
interchangeably. Moisture gets into AC by diffusion of water. Physical-chemical-
mechanical actions occur while moisture gets into AC. Physical action consists of
diffusion of moisture; chemical action consists of chemical affinity between aggregate
and binder in the presence of moisture; and mechanical action consists of friction
between aggregate surfaces with mastic materials in the presence of moisture. In addition
to moisture, water vapor can diffuse in AC. Continuous vapor diffusion occurs from air
inside AC even though the weather is dry. Also, water vapor comes from beneath the
pavement due to the capillary rise of water and suction of vapor from the base or
subgrade (Tong et al. 2013). In recent studies, water vapor conditioning is used to
condition mastic materials (Arambula et al. 2010; Tong et al. 2013). The Relative

Humidity (RH) measures the amount of water vapor in the air at any given time, which is
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usually less than that required to saturate the air. Previous studies condition mastic
samples either at 0% RH or 100% RH. In this study, mastic materials are conditioned
from a range of 20% RH to 80% RH. The normal and shear pull-off strength of mastic

films are measured in different RH% levels.

6.3  Objectives and Methodology

The specific objectives of this study are to:

1. Determine the normal and shear pull-off strength of mastic films at different RH
conditions.
2. Express damage of mastic films in terms of bond strength degradation due to

diffusion of water vapor caused by different RH conditions.

T3 Texture analyzer, manufactured by Brookfield, is used to measure normal and shear
pull-off strength of the mastic materials. The mastic materials are placed in between two
aggregates and normal or shear pull-off force is applied to one aggregate keeping the
other aggregate fixed. The force-displacement curve is plotted for mastic films at
different RH% conditioning. In addition to that, a relationship to mastic films bond

strength at different RH% conditioning is developed.

6.4  Theory of Diffusion of Water Vapor and Relative Humidity

When a mastic sample is subjected to water vapor, vapor transport depends on vapor
concentration (Lu and Likos 2004). Flick’s first law captures the quantitative description

of steady vapor flux g, as shown in Eq. (6.1).
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qv = _vapv (61)

where D, is the diffusion coefficient for water vapor transport, and p, is the vapor density
or absolute RH of the pore water vapor. The vapor diffusion coefficient for transport
porous materials is generally smaller than that for transport in free air due to limited pore
space and tortuous flow path available for vapor movement in porous media. The vapor

density can be measure by the Eqg. (6.2):

w,u

— VoV 6'2
i (6.2)

where T is temperature, R is universal gas constant, u, is vapor pressure, w, is molecular
mass of vapor. Vapor pressure can be determined by deducting dry air pressure from the
total air pressure. It should be noted that vapor pressure increases with increase in

temperature keeping the same RH.

RH is defined as the ratio of the absolute humidity (i.e. p,), in equilibrium with any
solution to the absolute humidity in equilibrium with free water (i.e. pyans) at the same
temperature, as shown in Eq. (6.3). In this study, RH is measured through a humidity and

temperature recorder from Measurement Computing.

RH =2 (6.3)
pv,sat

Two methods are available for controlling humidity in the laboratory, one is isotropic
humidity control and the other is two-pressure humidity control. In this study, isotropic

humidity control is used. In isotropic humidity control, salt is allowed to come to
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thermodynamic equilibrium in small sealed containers. In isothermal control, the RH in
the headspace above the solution approaches a fixed, reproducible value that depends on

the salt concentration. Osmotic desiccators are used for controlling RH in this manner.

6.5 Past Studies on Measuring Mastic-Aggregate Interface Bond Strength

Measurement

Copeland (Copeland 2007) developed a relation between pull-off strength with moisture
concentration through PATTI tests and numerical simulation. In her test, the substrate is
an aggregate plate, which is emerged into a water bath. The pull-off stud is fixed with one
end of the ceramic plate and the other end is coated with mastic materials. The mastic
materials with the pull-off stud and ceramic plate are placed on the aggregate substrate.
Moisture is diffused into the aggregate substrate, and then thorough the mastic materials.
The pull-off test is performed as a function of diffusion time and a relation between the
mastic strength degradation with time to moisture diffusion is developed. In addition, a
relationship between moisture content with time to moisture diffusion at the mastic-
aggregate interface is developed through FEM modeling. By combining the two
relationships from the laboratory and FEM models, an equation is developed that relates

moisture with the Pull-Off Tensile Strength (POTS):

POTS = e(0.30—3.76\/§) (6.4)

where 0 is the amount of moisture. This relationship assumes that no loss of bond

strength at zero moisture content.
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Ban et al. (Ban et al. 2011) developed a relationship of moisture concentration with the
pull-off strength ratio of wet to dry conditioned AC samples. Like Copeland (Copeland
2007), they used PATTI test to measure the normal pull-off strength of binder modified
with different additives and the FEM diffusion model to measure moisture concentration

at the interface of the binder and aggregate substrate. The equation is as follows:

Tv(\)/et _ _ i ”
a_exp[ k(@mj } (6.5)

where Tgry is the cohesive zone tensile strength at the unconditioned (dry) stage, z°

wet 1S
the tensile strength at a certain level of moisture conditioning (wet), ¢ is the degree of
saturation at a certain level of moisture conditioning, ¢ is the degree of saturation at the
fully saturated level, and k and n are the model parameters, k represents the bond strength
remaining at the complete level of moisture saturation, n represents the shape of the

degradation rate. To the authors’ knowledge, no study has been done to measure the shear

pull-off strength of mastic materials subjected to vapor diffusion.
6.6  Laboratory Tests
6.6.1 Creating Laboratory Relative Humidity Controlling Chambers

In this study, the laboratory humidity controlling chamber is developed following ASTM
E104 standard (ASTM Designation No. E104-02 Standard Practice for Maintaining
Constant Relative Humidity by Means of Aqueous Solutions 2012). According to the
standard, an aqueous solution of salts is able to create a constant RH in an enclosed

chamber considering the temperature does not vary significantly in the chamber. Three
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salts such as Potassium Acetate (CH3COOK), Potassium Carbonate (K,COjs), and
Sodium Chloride (NaCl) are selected to make the aqueous solutions. The salts are
selected such that they cover the low to high RH range. The RH of Potassium Acetate
solution varies from 23.4% to 21.6% with the temperature range of 10 °C to 25 °C
respectively. RH of the Potassium Carbonate solution varies from 43.1% to 43.2% with
the temperature range of 5 °C to 25 °C respectively. RH of the Sodium Chloride solution
varies from 75.7% to 73.9% with the temperature range of 5 °C to 80 °C. Three vacuum
desiccators are used to control RH with three different salts as discussed above. The salts
are mixed with distilled water in desiccators at room temperature. The salts are mixed

with water such that free water is visible after complete mixing.

The laboratory temperature and RH are recorded in fifteen-minute intervals for five
continuous days with a temperature and RH recorder. The variations of the laboratory
temperature and RH are shown in Figure 6.2. It can be observed that the laboratory
temperature is fairly constant during the day since the laboratory temperature is centrally
controlled. The temperature varies from 22 °C to 21 °C, but the initial temperature is

recorded at 25 °C, but it dropped to 22 °C within an hour.

Three desiccators are conditioned with three salts. The RH values are recorded inside the
desiccators and are shown in Figure 6.2. It is observed that the RH for Potassium Acetate
decreases over time and becomes constant within approximately two and half days. The
RH for Potassium Carbonate increases for approximately one day and then decreases
over time and becomes constant within approximately two days. The RH for Sodium
Chloride increases over time and becomes constant after three days. Potassium Acetate

gives constant RH value of 25% after five days; Potassium Carbonate gives a constant
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RH value of 49% after five days; and Sodium Chloride gives a constant RH value of 71%
after five days. After five days the temperature inside the desiccators are recorded as 21
°C. According to ASTM E104 (ASTM Designation No. E104-02 Standard Practice for
Maintaining Constant Relative Humidity by Means of Aqueous Solutions 2012), at 21 °C,
the approximate RH value for Sodium Chloride would be 75%, for Potassium Acetate
RH would be 22%, and for Potassium Carbonate RH would be 43%. The values
mentioned in the standard are close to the values measured in the enclosed desiccators. In
the standard, it does not mention how long it will take to reach the above-mentioned

RH% for different salts.

6.6.2 Preparing Laboratory Samples

Performance grade (PG) binder, PG 58-28 is mixed with fines passing through a #200
sieve to make mastic materials. Both binder and fines are heated at 160 °C before mixing.
About 40% of the fines by weight of binder are mixed. 40% of the fines are selected due
to the fact that too many fines would not stick to the aggregate and too few fines would

show significant binder effects rather than mastic effects.

Rock samples of varying sizes from 150 mm to 200 mm diameter are collected from a
local aggregate supplier as seen in Figure 6.3(a). The rocks are then cut into square
shaped pieces of approximately 25.0+2.0 mm using a laboratory saw. Thickness of the
rock square is kept to 5.0£1.0 mm. The rock squares are washed to remove dust and then
heated inside an oven for thirty minutes at 160 °C for water drying. Before using the rock
squares, they are kept at room temperature for two hours. Two rock squares are used to

make a sandwich sample of mastic. One rock is covered with duct tape with an opening
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of 5 mm? at the middle. The aggregate square covered with duct tape is show in Figure
6.3(b). A ruler is shown to check the dimension of the opening. Prepared mastic materials
are put on the opening and pressed gently on the aggregate slice. Then the duct tape is
removed carefully from the aggregate face. A 5 mm square mastic sample as shown in
Figure 6.3(c). Another aggregate is placed on the top of mastic as show in Figure 6.3(d).
The top aggregate slice is offset about 5£1 mm for the shear test sample as show in
Figure 6.3(e). The offset is necessary to set up the sample on the base of the loading
frame with glue. The 5 mm? mastic film is selected by considering varying shape and size
of aggregates in the AC and the random placing of aggregate in the AC mix. It is
assuming that the contact area between two aggregates with mastic materials in between

them will not exceed 5 mm?.
6.6.3 Conditioning of Samples

The desiccators are placed in a vacuum chamber. Salt solution is prepared inside the
desiccators. The base is put inside the desiccators with a clear distance of 25 mm from
the top of the solution to avoid spilling the samples. As soon as the salt solution is
prepared, the sandwich samples are laid on top of the base and a RH and a temperature
monitoring unit is attached to the inside wall of the desiccators. A conditioning picture is
shown in Figure 6.3(f). The monitoring unit automatically records the chamber
temperature and humidity and stored it. After completing the test the data is downloaded
into computer. The room temperature is set at 21 °C. Each desiccator is kept for five days

for conditioning the samples.
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6.6.4 Determine Strength of Asphalt Mastic Films

The strengths of the mastic film under tension and shear pull-off force are measured as
shown in Figure 6.4. Figure 6.4(a) shows the loading frame, which is a T3 Texture
Analyzer. A computer with software controlled the loading frame. Both compressive and
tensile test can be performed with the loading frame. Figure 6.4(b) and (c) show
schematic diagrams of tension and shear tests respectively. Figure 6.5 (a) and (b) shows
the test arrangement of normal and shear pull-off test. For the tension test, one aggregate
is attached with the loading frame and another aggregate is attached with the base. Both
the base and loading frame are attached with glue to the aggregate. Prior to each test, the
loading frame and the base are cleaned with Acetone to remove any dust and clean glue
residue from the previous test. It is noticed that improper placement of glue or presence
of residual glue from previous tests caused failure at the interface of both the base and
aggregate or loading frame and aggregate. The sandwich sample is set with the loading
frame and the base as soon as it came out from the desiccators. The sample mass is
measured in four significant digits before and after vapor conducting to see if the change
in water mass is due to conditioning. A steady state deformation of 0.10 mm/sec. rate is
applied to the loading frame for both tension pull-off and shear pull-off tests. The force

and distance data are recorded.

6.7 Results and Discussions

6.7.1 Thickness of Mastic Films

Figure 6.6(a) shows the average thickness of mastic for both normal and shear tests. The
average thicknesses of mastic are 0.210 mm, 0.202 mm and 0.193 mm, which are tested
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with Potassium Acetate (25% RH), Potassium Carbonate (49% RH), and Sodium
Chloride (71% RH) solutions respectively. Average thickness of the mastic films under
25% RH conditioning is 8.79% thicker than films subjected to 71% RH conditioning.
Mastic film under 49% RH conditioning is 4.71% thicker than those with 71% RH
conditioning. Differences in thickness are due to variation of applied pressure on the

mastic materials while sandwiching between the two aggregates.

6.7.2 Absorption of Water Vapor

The amount of vapor absorbed by the mastic films is measured by taking the mass of
samples before and after conditioning. It should be noted that vapor will diffuse through
both mastic films and aggregate slices. It is observed that the sample mass after
conditioning is less than the sample mass before conditioning for Potassium Acetate
(25% RH) conditioning. This phenomenon indicates that Potassium Acetate absorb vapor
from the fines of mastic materials and also from the aggregate slices. This is known as
vapor desorption. Even though the aggregate slices are kept in the oven for thirty minutes
at 160 °C but kept for two hours at the laboratory temperature and humidity condition
after the oven dry, water vapor might have been inside the aggregate slices or it might
absorb vapor from the air during the process of cooling. The percentages of vapor
absorbed and desorbed by the mastic materials are shown in Figure 6.6(b). Mastic
materials absorbed vapor from both Potassium Carbonate (49% RH) and Sodium
Carbonate (71% RH) solutions. Mastic film absorbed 0.34% vapor by its mastic materials
volume under Sodium Chloride (71% RH) conditioning. It absorbed 0.27% vapor under
Potassium Carbonate (49% RH) conditioning and desorbed 0.09% vapor under Potassium

Acetate (25% RH) conditioning.
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6.7.3 Normal Pull-off Strength of Mastic Films

Normal pull-off strength of the mastic films is measured by applying tensile force on one
aggregate while keeping the other aggregate fixed on the base. In the following sections
the terms elasticity and flexibility or ductility is used interchangeably. Three normal pull-
off tests are performed on each RH conditioning. Figure 6.7(a) shows the force-
displacement relationship of mastic films under 25% RH. All three force-displacement
curves show a straight increase in load and then show mastic film elongation followed by
ultimate strength and failure strength. The “yield” strength is measured where the load-
displacement curve turns from the straight line to curvature. The maximum load or the
ultimate strength of mastic films is determined. Figure 6.7(b) and (c) shows force-
displacement curves for mastic films under 49% RH and 71% RH respectively. The
ultimate strength of mastic films for all three curves under 25% RH conditioning are
higher than under 49% RH and 71% RH conditioning. At low RH, brittle failure is
observed. At 49% RH conditioning, the load-displacement curve looks like an elastic-
perfectly plastic material. The mastic film fails suddenly for all three tests at 49% RH. On
the other hand, 71% RH conditioning shows more elongation or stretching and then
ultimate strength followed by failure. The average deformation at failure in 71% RH
conditioning is higher than those in 25% and 49% RH conditionings. This means that
higher RH conditioning makes mastic film more flexible or ductile. The elastic behavior
of mastic materials at moisture-induced condition is supported by a previous study
conducted on mastic and matrix materials through DSR tests (Tarefder, Yousefi, et al.

2010).
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6.7.4 Shear Pull-off Strength of Mastic Films

Figure 6.8 shows the shear force variations in mastic films. Unlike normal-pull strength,
shear pull-off strength increases with increase in percent RH conditioning. Figure 6.8(a)
shows shear force-displacement relationship for 25% RH conditioning. Shear force
increases with increase in shear displacement and after ultimate shear strength; the
displacement continues and decreases slowly. The high shear elongation or displacement
is due to the viscous nature of the mastic films. Even though mastic film fails, the failure

surfaces stick together until they completely tear away from each other.

This increase in shear force can be explained from the findings of previous studies. An
Atomic Force Microscope (AFM) image shows that the wet binder has rough surfaces
due to vapor absorption and an increase in volume (Tarefder and Zaman 2010). In
addition, nanoindentation tests show that wet aggregates have rough surfaces due to
vapor absorption and increase in volume (Kasthurirangan Gopalakrishnan, Broj
Birgisson, Peter Taylor 2011). When shear force is applied on one aggregate keeping the
other aggregate fixed and mastic materials in between, the mastic materials roughen and
increase in volume due to vapor absorption, thus additional shear pull-off force is
required to overcome this rough surface. For this reason, the shear pull-off force is higher
under high RH conditioning than low RH conditioning. In addition, it is observed in the
normal pull-off test that the mastic material becomes more elastic at high RH
conditioning. This elasticity of mastic materials causes higher shear forces to fail in
mastic materials. The explanation can be given by the vector plot in Figure 6.9. E1 and
V1 are elastic and viscous strength, respectively, before vapor conditioning. E2 and V2

are the elastic and viscous strength, respectively, after vapor conditioning. S1 and S2 are
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the shear strength before and after vapor conditioning. From the figure, it is observed that
shear pull-off strength increases with an increase in elasticity and with a decrease in
viscosity. Even if the viscosity does not decrease, elasticity increases and therefore shear

strength increases.

6.7.5 Determining Bond Strength

The average yield strength and ultimate strength for three tests and for all three RH
conditioning values are plotted in Figure 6.10 and 6.11. Figure 6.10(a) and (b) shows the
normal yield and normal ultimate strength variations with RH%. Both normal yield and
ultimate strengths decrease with an increase in RH%. The points are fitted with
exponential equations. The R-square value for the normal yield strength is 0.9088 and for

the normal ultimate strength is 0.7529.

Figure 6.11(a) and (b) shows the shear yield and shear ultimate strength variations with
RH%. Both shear yield strength and ultimate strength increase with an increase in RH%.
The R-square value for shear yield strength is 0.8952 and for shear ultimate strength is
0.9214. The increase in shear strength is rapid compared to the decrease in normal

strength.

The strength ratio with the degree of vapor saturation is plotted in Figure 6.12. The
strength ratio is the ratio of strength at arbitrary RH% with respect to 0% RH. The degree
of vapor saturation is the ratio of arbitrary RH% with respect to 100% RH. Only ultimate
strength is considered for the plotting strength ratio with the degree of vapor saturation.
The strength ratio is calculated by using Eg. (6.6), which is a modified version of Eq.
(6.5) for vapor conditioning.
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The n in Eq. (6.5) is assumed to be 1.0 since only one type of mastic materials is used
without any additives. The negative sign is applicable to normal pull-off strength and the
positive sign is applicable to shear pull-off strength. The normal pull-off strength
decreases, but shear pull-off strength increases with an increase in vapor saturation. Less
than 50% normal strength is remaining in mastic films at 100% vapor saturation. The
increase in shear strength indicates an increase in elasticity and decrease in viscosity of
mastic materials, which may reduce binding capability of mastic materials and causes

more damage.
6.8 Conclusions
The following conclusions are drawn from the above discussions.

1. Normal pull-off — Mastic films show flexible behavior at high RH% conditioning
and brittle behavior at low RH% conditioning while normal pull-off strength is
measured.

2. Shear pull-off — The flexible nature of mastic films at high RH% influences shear
pull-off strength by showing higher shear pull-off strength.

3. Relative humidity — Mastic materials can be vapor conditioned with aqueous
solutions. Lower RH% will absorb vapor from the aggregates and fines if vapor is
present inside the aggregates and fines before put into conditioning.

4, Strength degradation — Increase in elasticity at high RH% conditioning causes a

decrease in viscosity in mastic films. Decrease in viscosity of mastic materials
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might cause binding inefficiency between aggregates. Binding inefficiency causes

additional damage in AC.
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Figure 6.9 Schematic of elastic and viscous forces
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CHAPTER 7

NANOINDENTATION ON MASTIC MATERIALS

7.1 General

This chapter describes nanoindentation tests on mastic materials for developing

viscoelastic mechanical models for dry and wet mastic materials.

7.2 Introduction

Several laboratory testing protocols are available to evaluate and characterize asphalt
concrete (AC) mix. Laboratory tests are performed on both compacted and loose AC mix.
Also there are several laboratory tests available to determine moisture sensitivity of AC
mix for both compacted and loose mix (Spinel 2009). In recent years, many researchers
are conducting tests by nanoindentation on asphalt mixture components such as asphalt
binder and aggregates to understand materials behavior at micron scale (Allen et al. 2013;
Ossa et al. 2005; Schilde and Kwade 2012). In a nanoindentation test, an indenter is used
to indent a sample surface and the movement of the indenter is measured with an
increasing load or deformation (Oliver and Pharr 1992). It is a very powerful technique to
measure hardness and Young’s modulus of a material. Very few studies have been done
on the AC mix such as on mastic and matrix materials using nanoindentation techniques
(Tarefder, Zaman, et al. 2010). In addition, very limited studies have been done to
evaluate effects of moisture in AC by nanoindentation (Kasthurirangan Gopalakrishnan,
Broj Birgisson, Peter Taylor 2011). Though extensive research have been done on elastic-

plastic and composite materials using this novel approach (Hodzic et al. 2001; Kurapati
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2008; Minster and Micka 2012; Schuh 2006). In addition, biomedical engineers used
nanoindentation test to measure mechanical properties of organ and components of
human body such as strength of bones and muscles (Gupta et al. 2011; Wu et al. 2012). In

this study, nanoindentation test is done on mastic phase of AC.

Mastic materials or asphalt mastic is defined as mixture of asphalt binder with fines
passing through # 200 sieve (0.075 mm) (Kim and Little 2004; Kringos et al. 2008a). On
the other hand, matrix materials are mixture of asphalt binder with fine aggregate passing
through a # 4 sieve and retained on a # 200 sieve (Mohammad I. Hossain and Tarefder
2013b). When aggregates are heated and mixed with hot asphalt binder to produce AC,
coarse aggregates are coated with mastic materials and surrounded by matrix materials. It
is challenging to do nanoindentation tests on the asphalt binder since the binder stick at
the tip of indenter at the ambient temperature (Tarefder, Zaman, et al. 2010). Despite this
challenge, successful indentation tests have been performed on the aged asphalt binder
(Tarefder and Faisal 2013a; Tarefder and Faisal 2013b). Also, nanoindentation using
Atomic Force Microscope (AFM) probe has been used to measure relaxation modulus of
aged and unaged binder (Allen et al. 2013). This study is done to understand the
viscoelastic behavior of mastic materials at the ambient temperature using
nanoindentation tests. In addition, the effects of moisture in the viscoelastic behavior of

mastic materials are also evaluated.

Asphalt mastic is a well known viscoelastic materials. Several studies have been done to
understand the behavior of mastic materials (Dai and You 2007; Kim and Little 2004;
Kringos et al. 2008a). Researchers conducted both laboratory tests and numerical

modeling to characterize the mastic materials. Mechanical properties of mastic materials
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are required while researchers focus on the small-scale behavior of AC, such as, two
aggregates, coated with mastic materials, are joined with each other and forces are acting
on them (Hossain and Tarefder 2013a). Faults such as damage and cracks initiated at
small-scale and visible at macro-scale. For an example, in AC pavements, a crack
initiated at the mastic-aggregate interface and propagated through mastic materials and
visible while it reaches at the surface of pavements (Caro et al. 2010b). Understanding
small-scale behavior of AC will help researchers to broaden their knowledge about
macro-scale behavior of AC. For these reason, it is indeed very important to understand
the mechanical behavior of mastic materials, especially at environmentally induced
conditions such as moisture, to conduct small-scale computational research. It has been
observed that moisture causes change in viscoelastic behavior of AC (Caro et al. 2008;
Gubler et al. 2005; Nadkarni et al. 2009). Dynamic modulus tests have been performed to
see the change in dynamic modulus after moisture conditioned at high temperature in
addition with the cyclic water pressure. The results show significant decrease in dynamic

modulus after moisture conditioning.

Several mechanical models are available to describe the viscoelastic materials using
arrangement of springs and dashpots. Spring represents the elastic effects and dashpot
represents viscous effects in the materials. The mechanical properties of spring and
dashpot can be determined from the laboratory tests and using numerical methods those
properties can be converted to the Proney series data to apply with the numerical
modeling. Viscoelastic response of AC can be determined from dynamic modulus tests
(Y. Richard Kim 2009). On the other hand the viscoelastic response of mastic materials

can be determined form dynamic shear modulus test (Kim and Little 2004). Both
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dynamic modulus and dynamic shear modulus tests can be performed in low to high
temperature range under different frequencies. The mechanical models developed from
laboratory tests are then used in numerical modeling such as Finite Element Method
(FEM) modeling (Kim et al. 2005; Kringos et al. 2008a). Generally, for moisture-induced
FEM modeling, diffusion of moisture that follows Flick’s law is used along with the
viscoelastic mechanical model. In some previous study, it has been observed that, the
components of mechanical model, such as dashpots and springs have different properties
while comparing with virgin and aged binder of AC (Tarefder and Faisal 2013a; Tarefder
and Faisal 2013b). It is hypothesized that, the viscoelastic mechanical models will be
different for virgin and moisture-induced conditions. Very limited studies have been done
to determine effects of moisture in mastic materials and no study has been done using
nanoindentation to determine the mechanical model for mastic materials for both virgin

and moisture-induced conditions.

7.3  Objectives and Methodology

The objectives of this study are:

1. Perform nanoindentation tests on dry and wet mastic materials at the ambient
temperature to understand the viscoelastic behavior.
2. Develop a viscoelastic mechanical model for dry and wet mastic materials from

the nanoindentation creep data.

Two fulfill the objectives; AC samples are made by mixing fine aggregates and fines with
asphalt binder. Laboratory nanoindentation tests are performed only on the mastic phase
of AC. To understand the viscoelastic behavior, a creep indentation is applied following
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loading and before unloading an indenter from the mastic materials. From the creep
indentation data, non-linear least square method is followed to develop viscoelastic

mechanical model by fitting the laboratory data with the selected model.

7.4 Background on Nanoindentation Tests

Nanoindentation tests have been using for decades but this is comparatively new testing
procedure for AC. Both load control and displacement control indentation tests can be
performed. The force involved is usually in the millinewton (mN) range and the
indentations are measured in nanometer (nm). The indenter is usually very hard (i.e.
diamond) of definite tip shape such as pyramid or spherical. The penetration depth
together with the known geometry of the indenter tip provides an indirect measure of the
indentation area at full load. The Young’s modulus and the hardness of the tip are known
and using this known value the Young’s modulus and harness of materials with unknown
property are determined. Figure 7.1 shows schematics of conventional nanoindentation
test. Figure 7.1(a) shows the depths measure during loading and unloading of the indenter
and Figure 7.1(b) shows the typical load-displacement curve. A sitting load is typically
applied initially to facilitate contact between the tip and sample surface. Next, the load is
increased gradually from point A to B. The tip is unloaded at the maximum load point B.
The unloading path is assumed to be elastic for most of the elastic-plastic material. The
unloading curve does not come back to point A due to plastic deformation in the elastic-
plastic materials. The slope of the unloading curve at point B is usually equal to the slope
of the loading curve at point A. The surface profile as shown in Figure 7.1(a) is a

function of the penetration depth during loading and unloading. It should be noted that
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mastic materials is a visco-elastic-plastic material. To overcome the viscous effect into
the unloading part, a creep load is applied at the maximum load after point B.

As it mentioned earlier, nanoindentation is mostly applied to measure Young’s modulus
and hardness of materials. The Oliver-Pharr method is the most widely used method for
determining stiffness and hardness values from load-displacement data. The basic
assumption of the Oliver and Pharr analysis is that the vertical displacement of the
contact periphery can be described by models for indentation of a flat elastic body by a
rigid tip of geometry. According to this method, the unloading portion of the load-

displacement curve fits the power law function, as given in Eq. (7.1).

P=a(h-h,)" (7.1)
where h = any depth of penetration, h; = unrecoverable or plastic depth, P = indentation
load, and o and m are constants. The parameters «, m, and h¢ are determined by a least
squares fitting procedures. Modulus of the thin film is calculated from the initial
unloading slope, which is found by differentiating Eqg. (7.1) and evaluating the
derivatives at peak load and displacement. In the Olivar and Pharr analysis, the reduced
modulus calculated a function of maximum indenter depth. However, the analysis
procedure is applicable only for material that behaves in an elastic-plastic manner and
does not exhibit any time-dependent behavior or load rate dependence. Several studies
have been done on time-dependent (i.e. viscoelastic material) materials by using Olivar
and Pharr method. The time dependent effects of the viscoelasticity has been minimized
by applying a long holding time after the maximum load and a faster unloading time after

end of creep load.
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The following Egs. (7.2, 7.3) are used to measure the reduced elastic modulus and

hardness respectively.

2 2
1_ 1—Ev +1—Evi 7.2)

where E is Young’s modulus of the material, v is Poisson’s ratio of the material, E; is
Young’s modulus of the indenter and v; is Poisson’s ration of the indenter, E” is the

reduced modulus.
H = Tnec (7.3)

where Pmax is peak load and A is projected area of contact at peak load. Young’s modulus
and hardness of mastic materials are already measured using nanoindentation (Tarefder,
Zaman, et al. 2010). Nanoindentation is performed on AC and claimed that Young’s
modulus of mastic materials are less than 3.0 GPa and for aggregate this value is greater
than 12.0 GPa. The other study focused only on the loading and unloading part of the test
data. In this study, the test is done with loading and then creep and unloading and

emphasis are given mostly on the creep indentation part.

Nanoindentation on mastic materials has some additional challenges. The challenge
arises due to use of fine aggregates in the AC mix. Fine aggregates are mixed to facilitate
the compaction of AC and make thin samples for nanoindentation tests by cutting it using
laboratory saw. A schematic of nanoindentation tests are shown in Figure 7.2. Figure
7.2(a) shows the AC sample with fines and fine aggregates; during indentation, indenter

might hit to the fine aggregates, which is shown in Figure 7.2(b); Figure 7.2(c) shows
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indentation on mastic materials and Figure 7.2(d) shows another limitation of this test
that is indenter might hit on micro void. In this study, nanoindentation tests are done on
such location that is free from fine aggregates and the test data is carefully analyzed to

remove data that shows indentation on micro voids.

7.5 Laboratory Procedures

7.5.1 Sample Preparation

Superpave mixes used with PG 70-22 and fine aggregates are collected from plant.
Mixture is compacted into 150 mm (6 in) diameter cylinders by a Superpave Gyratory
compactor using 600 KPa (87.02 psi) vertical pressure. The sample is prepared at a target
low air voids of 4% to reduce voids in the sample. Using a fine laboratory saw, 6 mm
(0.25 in) thick square shape of size 25 mm x 25 mm (1 in x 1 in) slice is prepared for the
test. Smooth surface of the cube is very important for nanoindentation experiment.
Because the contact area is measured indirectly form the depth of penetration, a rough
surface may cause errors in the determination of the area of contact between the indenter
and the specimen. Therefore, the square samples are polished by a grinding machine
rotating a angular speed of 150 rpm with sequence of SiC paper of decreasing
abrasiveness (100, 200, 400, 800, 1000, 1200, and 1400 grit). Only one surface is
polished. Finally the specimens are washed in a water bath to remove any remaining
dusts. Figure 7.3 shows a sample on stud and substrate. Sample is fixed on substrate and
stud with glue. The red box is shown to locate the location of indentation test, which is
free from fine aggregates. It should be noted that the indentation on micro voids cannot

be avoided.
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7.5.2 Nanoindentation Tests

The nanoindenter device, manufactured by MicroMaterials Ltd, at the UNM nano test
laboratory is used for indentation. More details on the nanoindentation testing equipment
are given in this reference (Tarefder and Faisal 2013a). For this study, Berkovich indenter
tip is used since some previous study shows than spherical indenter sticks with the
unaged binder. As a result, system compliance can be lost during indentation on asphalt.
A Berkovich tip consists of three-sided pyramidal Berkovich tip with a semiangle of
65.27°. It has sharp and well-defined (pyramid defined by face angle 65.3°) tip geometry.
In this study, a maximum load of 0.51 mN is applied with an unloading rate of 0.02
mN/sec. A sitting load of 0.01 mN is used for all the samples. A creep time of 200
seconds is applied after reaching the maximum load. This creep time is also known as
dwell time (Goodall and Clyne 2006; Sarihan 1994). The viscous effects of the test
results are reduced by using a fast unloading rate and applying an extended dwell time.
Tarefder and Faisal have shown that a dwell time of 100-200 seconds (long) can
minimize the viscous effect of asphalt (Tarefder and Faisal 2013a). Mastic phase of the
AC sample is indented at 50 locations to deal with the variability of nanoindentation
results, considering the limitations as mentioned earlier, and due to material
heterogeneity in the asphalt mastic. Five rows with ten columns are selected for the
indentations, each column is separated by 500 micrometer (um) and each row is
separated by 300 micrometer (um). A 15 micrometer (im) retraction distance is selected
for the test. The test chamber temperature is kept at 26 °C, within a fluctuation of £0.2

°C. After the test, the temperature corrections are also provided to the analysis.
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7.6 Results and Discussions

7.6.1 Force-Depth Relationship

Figure 7.4(a) shows the force-depth curves for dry mastic materials obtained from the
nanoindentation tests on mastic materials. Forth indentations are plotted from the fifty
indentation test results. Ten indentations are discarded due to fact that the indenter might
hit on the micro voids. The force-depth curves are discontinuous or showing negative
displacement for those discarded tests. It is observed that the force-depth curves widely
ranges with displacement from 52.96 nm to 6392.30 nm for same load of 0.51 mN. The
average displacement is 3222.63 nm. This wide variation is due to the heterogeneous
behavior of mastic materials and these variations are expected. Also, as mentioned
earlier, indenter might hit either fines or the asphalt binder. Though, all the indentations
showed plastic depth after unloading. In addition, no negative slope is observed at the
unloading curve, this means 200 sec holding time is appropriate to overcome the viscous
effects of mastic materials. Due to this wide range of deformation, it would be practical

to get an average value of the indentation depths.

Figure 7.4(b) shows the force-depth relationships for wet mastic materials. Forty
indentations are plotted. The number of indentations is kept forty to compare with the
indentations on dry mastic materials. It should be noted that, unlike the dry indentation,
the loading and unloading curves for the wets mastic shows “noises”. In previous studies,
this noise is also observed for indentation on wet mastic materials. Despite these noises,
elastic modulus of mastic materials are determined from the tests data. There are several

reasons that could cause these noises: when mastic samples are conditioned using
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AASHTO T283 standards, the top surface might have eroded and roughened; when
indenter hits those eroded surface then the irregular force-depth showed; also the eroded
surface has more micro voids then the dry surface and could effects on the indentation
results. In addition, when the fine aggregates and fines absorbed water, it increase it
volume and the surface texture roughens, these also cause irregular force-depth
relationships. To consider this limitation, the creep test data seems appropriate to study

the viscoelastic nature of mastic materials.

For wet mastic materials, the minimum depth measured at the beginning of the creep load
IS 66.40 nm and the maximum depth measured is 4673.72 nm. The average depth is
2370.06 nm. It is seen that the minimum depth measured under wet condition is 25.38%
higher than the dry condition but the maximum depth measured in the wet condition is
36.77% lower than the dry condition. Also the average depth measured in the wet
condition is 26.46% lower comparing to the dry condition. The results indicate that the
wet condition shows less indentation while average indentation depth is considered. This
suggests that due to moisture conditioning, the surface stiffness is increases for wet

mastic materials.

7.6.2 Creep Behavior

Figure 7.5 shows the creep behavior of mastic materials. The hold time is 200 sec for all
indentations. Fourth creep indentations for dry mastic materials are plotted in Figure
7.5(a) and the normalized forty indentations are plotted in Figure 7.5(b). Creep data
shows both linear and nonlinear depth increase with time. Again, the linear depth

increase might be due to the fact that, indenter hits on the fines and the nonlinear depth

203

www.manaraa.com



increase caused by when indenter hits on the binder. Since fines mixed with binder and
while indenter hits fine and pressed downward, underneath the fines there are both binder
and more fines and when indenter hits binder, underneath the binder there are fines or
binder. So for mastic materials we have to consider combine effects of binder and fines.
For this reason, to keep both linear and nonlinear creep behavior, the average depth is

considered. This average plot is further analyzed.

Figure 7.5(c) shows the creep behavior of the wet mastic materials and 5(d) shows the
normalized creep behavior for the forty indentation data. Creep data shows less
disturbance compare to the loading and unloading curve. It should be noted that, all the
forty data shows depth increases linearly. This indicates, wet mastic shows more elastic
behavior compare to the dry mastic. Though, the indentation depth is lower than the dry

mastic materials. Moisture makes the top of the mastic rough and hard to penetrate.

Figure 7.6(a) and (b) shows the average of the normalized creep indentation depth data.
The maximum average indentation depth is 980.96 nm for dry mastic materials and
792.10 nm for wet mastic materials. The average indentation depth is 23.84% higher for

dry mastic comparing to the wet mastic materials.
7.6.3 Contact Area of Indenter

The contact area for the Berkovich tip can be measured using the following equations (Lu

et al. 2003),

A=24.37h? +197.0h—675.3Vh (7.4)
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where A is in nm square and h is in nm. Figure 7.7 shows the contact area measured for
the wet and dry mastic materials. The normalized average depth is used to measure the
contact area. The maximum contact area is 23,623,127 nm square for dry mastic and
15,427,267 nm square for wet mastic materials. Since the indentation depth is higher for
dry mastic materials, the contact area of the indenter is also higher. The contact area is

34.69% higher for the dry mastic compare to the wet mastic.

7.6.4 Viscoelastic Mechanical Model

Viscoelastic model can be expressed using several mechanical modes such as Maxwell,
Kelvin, and Burgers model. Figure 7.8(a) and (b) shows representations of Burgers
model, which is a combination of Maxwell and Kelvin models. Figure 7.8(c) and (d)
shows Maxwell model. It has been mentioned that, Burgers model best represents the
viscoelastic materials (Huang 2004). The mechanical Burgers model and Maxwell model
for the nanoindentation tests can be represented by the following Eq. (7.5) and (7.6)

(Fischer-Cripps 2004):

[ ot
h?(t)=Z P, cota ot e (7.5)
2 E. Ern, E
1t
h? (t)=ZP cota| =+ 7.6
() 2° O[_E1 Elrj (7.6)

where h is the displacement due to applied load on a material, Py is the indentation load,
o includes half angle of Berkovich indenter, E is the elastic modulus, , t is time, 7 is
relaxation time, and z; is retardation time. Relaxation time is defined as the time required

for the stress reduces to 36.8% of the original value. On the other hand, retardation time
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is defined as the time to reach 63.2% of the total retarded strain. The total strain of the
materials has three components, an instantaneous elastic strain, a viscous strain, and a
retarded elastic strain as shown in Fig 7.8(b). For the known value of h, Py and t, from the
indentation test, the values of Ej, E,, 71, and 7, can be obtained from the simplified Eq.

(7.7).

hz(t)=A&+Azt+A{1—e_:2] (7.7)

where AizzPocotai, A, =£Pocotai, and A, =£P0cotai.
2 E, 2 E.r, 2 E,

On the other hand, there is no retarded strain shown in the Maxwell model. The linear
increase in viscosity is observed in the Maxwell model. The Maxwell model and Burger
model is selected in this study since the viscoelastic behavior for dry mastic materials
follows Burger model trend and wet mastic materials follow Maxwell model trends. For
the known value of h, Py and t, from the indentation test, the values of E; and z; can be

obtained from the simplified Eq. (7.8).

h?(t)=A + At (7.8)

where AlngocotozEi and Azngocota L :
1 171

In this study, Eq. (7.5) and (7.6) is fitted with the Fig 7.8(b) and 8(d), respectively, to find
A1, Az, and Az. A nonlinear curve fitting algorithm is used in MATLAB to optimize those
parameters.
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Figure 7.9(a) shows the optimized Burgers model with the laboratory test results. The
optimized values are: E;=0.158 GPa, E»=0.286 GPa, 7;=144.85 sec, and 7, = 30.86 sec.
Using the Burgers model parameters, Creep compliance, J(t) of the dry mastic materials

are determined from the following Eqg. (7.9).

1t 1 -+

J(t)=—+ +—|1l-e ™ 7.9
( ) E En Ez[ ] (79)

The Creep compliance plot is shown in Figure 7.9(b). This is also known as contact creep

compliance.

Figure 7.9(c) shows the optimized Maxwell model with the laboratory test results. The
optimized values are: E;=0.491 GPa and 7;=64.31 sec. Using the Maxwell model
parameters, creep compliance, J(t) of the wet mastic materials are determined form the

following Eq. (7.10).

()=t

7.10
E En ( )

It should be noticed that the Maxwell model does not fit well with the wet mastic
indentation data. Though, the R-square value is 0.986 for this fit. The h-square value
seems concave shape and increases nonlinearly with time. For this reason modified
Maxwell models are considered to fit the wet indentation data. Eq. 7.11 considered power
m as a nonlinear response. Two models are selected since this is unknown which model

best fit with the laboratory results. The modified Maxwell models are as below:

hz(t)ngo coto{i+ ! } (7.12)

E, ElT1m
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Figure 7.10(a) shows the fitting of modified Maxwell model with the laboratory test data.
The modified E;= 0.408 GPa , 11=95.55 sec, and m= 1.256. The curve is fitted with the R-

square value of 0.9996.

Modified Maxwell model indicates increase in depth and creep compliance with time.
This suggests that, if dry and wet creep compliance compared then at some time the wet
creep compliance would cross the dry creep compliance and keep increasing. This means
at certain depth the Elastic modulus is lower than that is measured at the top of mastic
materials. The top of mastic materials showing high modulus value due to roughness and
aging effects but at certain depth, moisture reduces the stiffness of mastic materials.
Previous studies shows that, wet mastic materials have lower Young’s modulus value
compare to the dry mastic materials (Kasthurirangan Gopalakrishnan, Broj Birgisson,
Peter Taylor 2011). The previous study is conducted only comparing the Young’s
modulus measured from the unloading part of nanoindentation. However, the creep
indentation shows different results from the conventional nanoindentation results. Since
the surface is rough and shows stiffer nature, so creep duration longer than 200 sec is

necessary to test on wet mastic materials.

Figure 7.11 shows the extension of creep time up to 2000 sec. Figure 7.11(a) shows the
increase in depth while the creep time is extended and Figure 7.11(b) shows the increase
in creep compliance with extended creep time. From the figures it could be seen that at
1252 sec creep holding time, the depth measured for wet mastic materials is higher than
the depth measured for the dry mastic materials and the corresponding depth is 4303.68

nm.
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7.6.5 Viscous Depth

Viscous Depth is measured for dry and wet mastic materials. For dry mastic, viscous
depth is measured by taking a slope as shown in Figure 7.8 (b) at 200 sec. Retarded depth
can be measured from the slope and the viscous depth can be found by deducting retarded
depth from the total depth. Figure 7.12 shows the viscous depth for both dry and wet
mastic materials. It has been observed that, viscous depth under wet condition is higher
comparing to the dry condition. At 200 second, the viscous depth for dry mastic material
is 518.81 nm and for wet mastic material the depth is 554.89 nm. Wet mastic material
shows higher viscous depth comparing to the dry mastic material. This indicates that,
viscous strain is also higher for wet mastic material compare to the dry mastic material.

Viscous materials follow the following stress-strain relationship,

oc=2uc (7.12)

where o is applied stress, u is viscosity, and ¢ is strain rate. For a viscous material,
viscosity is decreases while viscous strain is increases and vice versa. Thus, wet mastic

material shows less viscous effects compare to the dry mastic materials.
7.7 Conclusions

Nanoindentation tests are done to understand the contact creep behaviors and to develop
viscoelastic mechanical models for dry and wet mastic materials in AC. The findings are
concluded below:

1. Dry mastic follows Burgers viscoelastic mechanical model and wet mastic

follows modified Maxwell viscoelastic mechanical model.
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Wet mastic material is less viscous compare to the dry mastic material. Also wet
mastic material does not show retarded strain.

Surface of wet mastic materials are stiffer due to the erosion and ageing, and
change in volume in mastic materials. Beneath the surface the wet mastic is softer
compare to the dry mastic materials. More than 4000 nm depth wet mastic
materials are affected by the conditioning effects. If indenter could penetrate more
than 4000 nm, it is more likely to have softer mastic materials beneath these hard
and stiffer surface materials.

The creep holding time of 200 sec is suitable for dry mastic materials but the wet
mastic materials required longer creep holding time to penetrate more than 4000
nm and according to this study the holding time higher than 1200 sec would be

appropriate.
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Figure 7.1 Schematic diagram of indentation test
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Figure 7.2 Schematic diagram of nanoindentation on mastic materials
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 General

This chapter summarizes the findings of this work and recommends possible future
studies. In this study, mastic and matrix materials are considered as elastic material for
Finite Element Modeling (FEM). The geometry of the FEM model is assumed to be
spherical to represent aggregate particle surrounded by mastic or matrix materials. Each
of the mastic, matrix, and aggregate are considered as homogeneous materials at a
macroscale in the FEM. Based on these assumptions, the following conclusions can be

made.

8.2 Conclusions

8.2.1 Damage at Mastic-Aggregate Interface

The asphalt mastic-aggregate interface damage is quantified using FEM and traction
separation law. Model parameters are determined from laboratory pull-off and strength
testing of mastic materials. Model geometry is defined by a two dimensionally idealized
aggregate particle surrounded by mastic materials to study adhesive damage. Moisture
damage is quantified through contact stress, load magnitude to damage initiation, and de-

bonding. The specific findings of this model are:

1. The contact stress due to applied deformation load is significantly higher in dry

conditioned mastic-aggregate interface than in the wet conditioned mastic-
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aggregate interface for all load magnitudes and patterns. Lower contact stresses
are one of the reasons for higher mastic-aggregate interface damage that occurs in
wet conditioned samples.

2. FEM model shows that damage initiates and progresses mostly on the upper half
of the mastic-aggregate interfaces. In wet conditioned samples, surface damage
initiates at applied deformation load of 0.00508 mm (0.002 in), whereas damage
initiates at 0.508 mm (0.02 in) deformation load in dry conditioned samples. Dry
mastic being stiffer than wet mastic, carries higher applied deformation and shows
smaller mastic-aggregate interface damage. Softer wet mastic material is unable
to carry smaller applied deformation and exhibits higher interface damage.

3. De-bonding, measured by separation between mastic and aggregate surfaces, in
wet samples is significantly higher than that in dry sample. About 6.8% (%
perimeter) interface de-bonding occurs in dry sample. On the other hand, about
49.1% interface de-bonding occurs in wet conditioned sample. De-bonding
occurs due to lower contact stresses at the interface regions. De-bonding between
mastic and aggregate is one of the main reasons for premature permanent failure

of AC pavement under wet condition.

8.2.2 Damage in Matrix Materials

To study cohesive and adhesive damage, a hypothetical model aggregate is coated with
the matrix material and the damage inside is identified. Damage at the vicinity of matrix
and between matrix-aggregate interfaces is termed as cohesive damage. On the other

hand, damage near the matrix-aggregate interface is defined as adhesive damage.
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The outer exposed surface of the matrix shows significant cohesive damages.
Cohesive damage is higher under wet conditioning than dry conditioning. Matrix
materials near the interface region show significant adhesive damage. Adhesive
damage is higher in wet conditioned sample than in dry conditioned sample.
Based on the damage contour plots, cohesive damage initiates at the top of matrix
and then damage propagates towards the bottom of matrix and matrix-aggregate
interface, where it initiates adhesive damage. Adhesive damage is significantly
higher under the wet conditioning and for the rectangular pattern loading.
Therefore, adhesive damage is critical for degradation of AC.

The interface region is weakest considering the whole domain of FEM model.
The weakest interface is a reason for higher adhesive damage in AC. Therefore,
the commonly used additives used to prevent moisture damage in the interface
region, such as hydrated lime, are needed to be evaluated more to understand their
roles at the interface between aggregate and matrix material.

Only cohesive damage is observed in thick matrix but both cohesive and adhesive
damages are observed in thin matrix. Higher matrix thicknesses improve
deformation carrying capacity and transfer less stresses to the interface, so no
adhesive damage occurs near interface. Therefore, an optimum asphalt content
should be determined that reduces adhesive damage at the interface by providing
thicker matrix coating on the coarse aggregate. Also pre-coated aggregate might
reduce adhesive damage and more studies are required in this area.

The worst damage scenario observed for thin matrix is when a deformation loads

magnitude of 1.27 mm (0.057 in.) is applied. About 16.67% and 30.30% matrix
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materials exhibit adhesive and cohesive damages, respectively, in wet conditioned
samples. Matrix materials exhibit 13.75% adhesive damage and 15.85% cohesive

damage in dry sample.

8.2.3 Damage at Matrix-Aggregate Interface

Instead of mastic and matrix materials, an attempt is made to evaluate the damage
behavior of AC under dry and wet conditions. AC is defined by aggregate coated with
matrix materials. FEM modeling is used to simulate behavior considering damage in the
matrix materials and at the matrix-aggregate interface. The models considered are, one
with dry matrix with dry aggregate, the second with wet matrix with dry aggregate, and

the third with wet matrix with wet aggregate. Results are summarized below:

1. Damage occurs in the matrix materials due to shear stress reaching its capacity
before normal stress reached its allowable limit. Slipping occurs at the end of the
loading zone when vertical deformation is applied on the spherical shape FEM
model. In addition, shear stress is smaller in wet matrix compared to that in dry
matrix. Moisture causes higher damage in the wet matrix materials than in dry
matrix. Moisture caused 62.80% more damage in the wet matrix compared to that
in the dry matrix.

2. Damage occurs at the matrix-aggregate interface due to shear contact stress when
it reaches its ultimate stress measured from lab testing. Interfacial de-bonding
occurs at damaged locations. Interface de-bonding is higher in wet matrix than
that in dry matrix. Moisture causes 17.45% more de-bonding in wet matrix at the

interface regions compared to that in dry matrix.
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3. Moist aggregate has least influence on damage at the matrix-aggregate interface.
De-bonding region is same for dry aggregate compared to that in wet aggregate
surrounded by wet matrix. The maximum shear contact stress is 1.51% higher in

wet aggregate than that in dry aggregate.

8.2.4 Damage of Mastic Films

Direct pull-off and shear tests were conducted on the mastic film under three Relative
Humidity (RH%) conditions also known as vapor conditioning. Mastic films are created
in between two square shape aggregate plates. Laboratory RH% conditions are
established by three aqueous solutions of salts. After conditioning the samples at
different vapor concentrations, for tension test, one aggregate plate is fixed at the base
while the other is pulled out; for shear test, one aggregate is fixed at the base and the

other is forced to slide on the film. The conclusions of the study are:

1. Normal pull-off — Mastic films show flexible or ductile behavior at high RH%
conditioning and brittle behavior at low RH% conditioning while normal pull-off
strength is measured.

2. Shear pull-off — The flexible or ductile nature of mastic films at high RH%
influences shear pull-off strength by showing higher shear pull-off strength.

3. Strength degradation — Increase in elasticity at high RH% conditioning causes a
decrease in viscosity in mastic films. Decrease in viscosity of mastic materials
might cause binding inefficiency between aggregates. Binding inefficiency causes

damage in AC.
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8.2.5 Nanoindentation on Mastic Materials

Nanoindentation tests are conducted to understand the contact creep behaviors and to
develop viscoelastic mechanical models for dry and wet mastic materials in AC. The

findings are summarized below:

1. Dry mastic follows the Burgers model and wet mastic follows the Maxwell or
modified Maxwell viscoelastic mechanical model.
2. Wet mastic material is less viscous compared to the dry mastic material. Also wet

mastic material does not show retarded strain.

8.3 Summary

Based on the above conclusions and considering the assumptions, the following

summaries are outlined for this study:

1. Moisture-induced adhesive damage in AC can be defined as separation between
asphalt binder and aggregates due to bonding inefficiency caused by reduction of
viscosity resulting from moisture effects.

2. Moisture-induced cohesive damage in AC can be defined as softening of the
asphalt binder due to microscopic bonding inefficiency caused by reduction of
viscosity resulting from moisture effects.

3. Under mechanical loading and moisture-induced conditions, cohesive and
adhesive damage initiates in AC by softening of mastic and matrix materials and
separation between mastic or matrix aggregate interface, respectively. Cohesive

damage progressed as adhesive damage at the mastic-aggregate or matrix-
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aggregate interface and continues progressing as both cohesive and adhesive

damage until complete failure occurs.

8.4 Recommendations for Future Studies

It is observed that viscous effect decreases in AC due to moisture-induced conditions. AC
IS a visco-elastic-plastic material and bonding inside the AC is due to the viscous effects
of asphalt binders. Binding inefficiency will occur due to reductions in viscous effects
caused by moisture. It is necessary to understand how the viscosity of the binder can be
restored using admixtures. Engineers use hydrated lime to reduce moisture-induced
damage in AC pavements. Hydrated lime increases viscosity in asphalt binder and
restores bonding efficiency between binder and aggregates. In addition, hydrated lime
hardens the AC resulting in a reduction of both adhesive and cohesive damage. More
studies need to be done on asphalt binder using several admixtures to see the changes in

viscous effects.
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Introduction

Moisture causes damage in asphalt conerete. This damage
can be classified into two main categories: adhesive and
cohesive damage. Adhesive damage is the separation
between the aggregate and asphalt binder at the interface
locations. Adhesion damage 1s also known as stripping or
de-bonding. On the other hand, cohesive damage is
stiffness degradation within the asphalt materials
(Mohamed 1993, Hao and Hachiya 2003, Tarefder and
Yousefi 2012). When aggregate is mixed with hot asphalt,
asphalt binder makes a coating around the aggregate
surfuce, The coating is made up of asphalt combined with
fine particles. The combination of asphalt and fine
particles that passes through #200 sieves is called mastic.

Figure | shows generalised phenomena of adhesive and

cohesive damage in asphalt. Figure 1(a) shows the
aggregate coated with mastic. Figure 1(b) shows that the
mastic coating on some portions is worn out, which
resembles cohesive damage. Figure 1(b) also shows that
there is no mastic at some :ngregaic surface locations,
which resembles adhesive The kening of
mastic-aggregate interfaces (i.e. adhcmvc damage) undcr
dry and wet conditions is modelled in this study.

In the past, a number of researchers have studied
asphalt damage using finite element method (FEM). Most
of the FEM study considers a pavement section and
subjected to traffic loading condition (Kim er al. 2008,
Desai 2009). However, very few of them address how
damage initiates in the asphalt components such as matrix,
mastic and aggregate interface. For example, Kim (2009)

developed  visco-elastic—plastic continuum damage
(VEPC 1) under tension and compression loading of

concrete. However, VEPCD mode] i§ unable o
dzmmnuate the ndhmve and cohesive damage at mastic—
aggregate interfaces and within the material itself. Desai
(2001) has developed a disturbed state concept (DSC)
mode| to predict damage in asphalt concrete. Although
DSC was used to quantify damage as a disturbance, DSC
model has never been uged 1o predict the degradation
stiffness at the mastic—aggregute interface. Recently,
Kringos er ¢l (2008b) and Kringos and Scarpas (2008)
have conducted FEM study considering mastic —aggregate
interface, These studies determined moisture damage due
1o diffusion through mastic and aggregates. Mainly, stress
variations within the materidls due 1o selected diffusion
rate of moisture were obgerved in their studies: however,
they are not directly related to the quantification of damage
at the mastic—aggregate interfuce.

Objective and scope

The main objective of this study was to quantify moisture-
induced damage at the mastic—aggregate interface in
terms of contact stresses at the interface, load magnitude 1o
initiate damage and de-bonding. The interface strength and
stiffness are determined from laboratory testing .of dry-
and wet-conditioned samples. The stiffness (i.e. modulus
of elasticity) of the aggregate is obtained from the
literature, The shear modulus of mastic is determined by a
dynamic shear rheometer (DSR) test in the laboratory.
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Figure 1. Schematic diagram of adhesive dnd cohesive
damages in aggregates and mastic;

Shear and elastic modulus are used to define a surface-
based traction—separation damage law readily available in
ABAQUS. The damage at asphalt—aggregate interfaces is
simulated using FEM.

Concept of damage

Different definitions of damage have been introduced
based on constitutive behaviour of materials. According 1o
Krajcinovic (1996), & material is said to be damaged if (i)
some of the bonds connecting the parts of its
microstructure are missing, (ii) the bond between the
molecules within the materials is ruptured, (i) the
molecular chain in & polymer is broken or (iv) the adhesion
between two materials is lost. The classical damage
models are based on micro voids extension and
coalescences concepts; they are also known as porosity-
based models: (Bonora 1999), The continuum damage

Interface stwength

M.1. Hossain and RA. Tarefder

models are based on reduction ‘in strength due 1o
breakdown of molecules or changes in molecular
structures (Lemaitre and Desmorat 2005),

The degradation of strength at the interfaces of mastic
and aggregate s the primary indication of moisture
damage in asphalt (Bhasin er al. 2006, Kringos ¢r al.
2008b; Cara er al. 2010, Tarefder and Arifuzzaman 2011,
Tarefder and Yousefi 2012). This phenomenon is
churacterised using traction—sepuration damage law in
this study. For a mastic-aggregate assembly, the traction
forces are generated by the physical—chemical -mechun-
ical interaction between the mastic and aggregate.
Generally, the interaction strength is smaller than the
material strength itself. Interactions between two materials
could fail even before the material fails by degradation of
its own stiffness due 1o various reasons such as loading
magnitudes and environmental conditions. On the other
hand, separation is the opening hetween the two surfaces,
which were previausly in contact with each other.

To facilitate an easier understanding of traction—
separation damage law, the authors have created a
schematic plot in Figure 2 following the deseription in
the technical manual of ABAQUS software (2009). The
two surface layers in Figure 2 can be considered to be
attached to each other with some glue-like material. If 4
normal force is applied on the surface, a traction force
develops between the interfaces of these two surfaces. The
developed traction force is resisted hy the interlocking of
two surfaces generated from the glue-like material. As the
magnitude of the applied normal force increases, the two
surfaces tend to separate from each other due to increased
traction foree. Under the increment of traction force, the
separation between the two surfaces increases until the
force reached its ultimate strength at point B. The slope of
line AB, as shown in Figure 2, is known as the interface
stitfness and termed as K. After point B, the separation
between the two surfaces increases as the load-carrying
capacity decreases. Point B is known as damage initiation
phenomenon, which means there is a separation between

Load

SN Normal traction force
/
' .,
= / N
it
4 / Shear traction foree
2 K
F N
/ S
/ Total separation displaceinent N
B T L T e—p—— e s e R Y -)C
! X3
A" 5

Sepiation (n)

Figure 2. Schematic of traction—separtion damage law.
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the twosurfaces that will not recover. Beyond point B to
point C, the phenomenen is known as damage evolution or
progression. At the damage progression: region, the
separation berween two surfaces increases, eventually
leading to a surface failure.

The following linear traction—separation law is used in
this study:

1= K8, (ED)]
5 Ky K Kal (&
ty h= | Kay Km Kn|{ 8}, @)
1 Ky Kun Kul|d

In Equation (2). 1y, {; and 1 dre the three components of
force on & surface in three orthogonal directions, K's are the
stiffness coefficiems and &, &, and & are three
displacement components due 1o the respective forces.
The diagonal terms are for three orthogonal directions, and
the off-diagonal terms are for coupled directions. In this
study. only two-dimensional idealisation is made. and
therefare the off-diagonal comp are not considered
The FEM model is developed considering stiffness in two
directions: one is normal to the surface and the other is
along the surface. The resulting equation of the traction—
separation is shown below:

il xu‘ 0 0 5;
nh=|0 Kn olls} @
(] 0 © oj]le

Damage can 'be initiated either normal to the surface or
along the tangential direction of the surface. The ratio
between the force or load® and the interfice strength is
measured along the normal to the surface and tangential
direction (i.e. shear direction) of the surface. The
maximum ratio indicates ‘the damage initiation ar a
particular direction and is presented in as follows:

mm{’—},lﬁ-} =1, @)
Il '2

where 1] and 1 are the interface strength for normal and
shear directions, Here, riand 12 are the resulting forces due
1o applied load in the respective directions. When the ratio
becomes one, the bond state between the two interfiaces
breaks down and a gap oceurs between thenti, which can be
predicted by FEM. The maximum ritio cannot be gredler
than one. According to Equation (4). for any location when
the ratio is one, that location is wentified as d. d

‘Determining model parameters by laboratory testing

Rheological properties of mastic

Laboratory tests were performed to determine dynamic
shear modulus of mastic material and converted to
dynamic elastic modulus using Equation (5) (Kim et al.
2010). The converied dynamic elastic modulus is used as
elastic parameters in ABAQUS for the material property of
mastic coating over aggregiie,

IE"| =256, (5)
where |G* is the dynamic shear modulus of mastic

mateérials, The samples that were tested for G* value were
rectangular in shape with a sample size of 12 mm (0.47 in.)

by 6mm (0.24in.). Bending beam rheometer mould Was

used 10 piepare the rectangular solid samples. These
samples were tested in shear torsion using a research grade
DSR that has dynamic mechanical analyser capability, A
toral of six samples were prepared: three samples were
tested under dry condition and three samples were tested
for wet condition. The mastic samples were compacted in
three layers using small round-headed tamping rod. The
average theoretical maximum Specific (Gyy) gravity for
the sample was 2319, and the percent air voids of the
samples were 115 £ 1.0, It wits hard 1o compact a small
size mastic sample to smaller air voids (say, 7%) without
crushing some particles. For this reason. higher (i.e.
11.5%) air voids were chosen for rheological testing of
mastic materials. The wet condition wis prepared
following AASHTO T283. The Liborataiy test was carried
out gt 22°C and 1 Hz frequency. A Strain rate of 0.007%
was applied on the rectangular shape sample. The modulus
values are given in Table ). The modulus value is taken as
average of three test results under dry and wet conditions.

Damage model parameters

Laborarory aggregate pull-off tests under both dry and wet
conditions were carried out 0 measure the stiffness of
mastic—aggregate interfaces. For tensile pull-off tests, the
samples were prepared by compacting mastic materials
into moisture tin with a target air voids ratios of 4 + 0.5%.
This tequiretent was met by calculating the amount of
matrix material necessary 1o fill the bottom of the direct
shear box using a specific gravity equal 10 38.673 g/in.’
(2360 glem”) leaving room for 4 = 0.5% air voids. The
mass of mastic material needed 10 meet the void ratio

Table 1. Dynamic shear and clastic modufus of mastic,

location. Damaged location cannot take any load and
damage progresses upon further loading, In this research,
the mastic—aggregate interface locations, where damage
initiates under dry and wet conditions, are stuiied.

Dry Wet

IG*l 2.0 MPa (290075 psi) 0.74 MPy (108,778 psi)
3l 5.0 MPa (725,188 psi) 1.7 MPa (271,945 psi}
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Container aggregate
Mastic material Shear box
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Figure 3. Sch

e

ic of sample moi I

requirement was found to be 205.34 g. A coated aggregate
was cut into half and the flat face was exposed and the other
end was embedded into mastic up 1o the half of the
aggregate. The mastic material was compacted in three lifis
by hand using a metal tamp. Prior to the final tamping of the
top most lift. the fractured face of asphalt-coated aggregate
wils pressed against mastic so as 1o ensure contact between
the mastic material and the aggregate face.

The wet condition was prepared following AASHTO T
283 method before conducting the pull-off test, A coarse
aggregate embedded inside mastic material was moisture
conditioned. According to AASHTO T 283 procedure, the
aggregate embedded in mastic sample was subjected 10
vaeuum saturation for 10 min. After vacuum, the sample
was plastic wrapped and kept in freezing condition for 16 h.
After removing from the freezer, the sample was emerged
into water bath for 24 h with a constant water temperature of

140°F. After 24 h, the sample was emerged into water bath
at room tcmperamm for 10 min before the pull-off tests. A
sch of moisture conditioning is added in
Figure 3 which shows that the sample emerged into
controlled hot water bath. While conditioning, warer
diffuses through the mastic; aggregate and mastic—

‘aggregate interface. In field, mustic—aggregate interface

can be affected by moisture diffusion through mastic
material 10 aggregate or though aggregate 1o mastic
material (Kringos e2 al 2008a). In reality, when water
diffuses through mastic material and infiltrates into
interface and saturate aggregate, then the mastic, aggregate

‘and mastic-aggregate interface degraded its strength: In

this study, only the strength degradation of mastic and
mastic—aggregate interface due to moisture is considered;
the strength degradation for aggregate is not considered.
Pictures taken at the laboratory are shown in Figure 4.
Two schematic drawings are shown in Figure 4(b).(d) to
clarify the loading setup under tension and shear,
respectively. For tensile pull-off test, the flat end was
fixed with the loading frame with glue, and the bottom of
the mastic material container was aiso fixed with the base.
The sample was then loaded in tension at a rate of
1.27 mm/min (0.05 in./min). Two samples were prepared:

g for pull-off tests.

one sample was kept dry and other was wet-conditioned
before test.

Aggregate pull-off tests were also performed under
direct shear load. The mastic material samples were
prepared ina similar fashion except the materials that were
prepared in the shear box of the direct shear testing
equipment. The dimension of the shear box is 177.8 mm
(7in.) length, 139.7 mm (5.5 in.) wide and 50.8 mm (2in.)
deep. The hot mastic materials were compacted in two lifis
into the bottom half of the shear box. Just before the final
compaction of the top layer. a coated and fraciured face of
the hot aggregate was pressed onto the surface of the top
lift, and the compaction 1o the required volume was then
completed to ensure proper contact between the aggregate
and the mastic. One sample was lefl in a dry condition. and
the other is conditioned following AASTHTO T 283
standard. The wp of the shear box was placed on the
bartom of the shear box, and the apparatus was placed into
the direct shear machine. The set screws in the shear box
were removed, and the height of the top of the shear box
was raised so that no mastic material impedes the shearing
of the aggregate: The sample was then loaded in shear at a
rate of 1.27 mm/min (0.05 in./min).

The load-displacement graphs due to aggregate pull-
off in tension under dry and wet conditions are shown in
Figure 5. As expected, the tensile strength of aggregate
pull-off is higher under dry condition than under wet
condition, The load—displacement curves due to shear
pull-off under dry and wet conditions are shown in
Figure 6. Under wet conditions, as shown in the dotied
line, the initial load—displacement curve has lower values.
and then it increases rapidly. Unlike the tension pull-off
test, the aggregate was not glued to the loading frame for
shear pull-off tests. For this reason, the load —displacement
curve shows wavy and discontinuous phenomens under
dry and wet conditions for direct shear test. Also, the
ultimate load under wet condition is higher than the dry
condition. The phenomena can be explained based on a
previous study, where it was observed that the roughness
of aggregate and mastic surfaces increase due to moisture
actions (Tarefder and Arifuzzaman 2010). In direct shear
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Figure 4. Laboratory measurement of interfice strength,

tests, when a shear force is applied on the aggregate,
friction force develops at the mastic—aggregate interface.
The interlocking between the rough aggregate surface dnd
the mastic material needs 1o overcome by applied shear
force. Due to higher surface roughness at the moisture-
conditioned aggregate, the load-carrying capacity of
mastic -aggregate interface increases under wet condition
comparing o dry condition requires higher ultimate load
to. fail at the interface. In tensile pull-off. the aggregate
comes out of the mastic material while applying tensile
force and the phenomena of increased surface roughness

due o moisture conditioning is oot a significant issue,

since rough surfaces are not enconmered by any lateral
force or vertical compression load.

The stiffness of mastic~aggregate interface due to
tension and shear is determined by measuring the slope of
the curve before peak load, also known as secant modulus.
The secant modulus is determined by measuring the slope
of tangent connecting origin with 50% of maximum
strength (Santi et al. 2000). The tangent lines for
determining secant modulus are shown in the graphs of
Figures 5 and 6. The measured sustained loads and
stiffness for both tension and shear under both dry and wet
conditions are given in Table 2. Both tensile and shear
interface stiffness are higher under dry conditions than
under wet conditions.

The displacements al ultimate strength and failure
strength. were récorded. The displacement at ultimate

Pull-ol¥ force direction
Loading frame
- Gilue
Coarse aggregate
Interface iraction force
Mastic materials
-~ Contaner
- Glue
Base

(b Schemutic of pull:off tension Test

Loading frame
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Mastic materals
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Shear box
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Figure 5. Load versus displocement curve in tension with
secant’ modulus,
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Figure 6. Lead versus displacernent curve in shear with secant
modulus,
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Table 2. Ultimate strength and interfuce stiffness under dry dnd wet conditions.

Ultimate sireagth in tension  Ultimate strength in shear

Interface stiffness in tension Interface stiffness in shear
(Kyp) (Kz2)

Dry 391.67 N (88.05 Ihh)
Wet 167.21 N'(37.59 1bf)

302.50'N (68,00 1hf)
489.30 N (110.00 1bf)

368 N/mm (21,165.87 Ibifiny 2,98 Nimm (17,080.96 Ibfin.)
1.93 N/mm (11,121.30 Ibfin) 053 N/mm (3940.35 Ibifin,)

strength is 0.139 mm (0.0055in.) for tensile pull-off and
0.119mm (00047 in.) for shear pull-off and 0.096 mm
(0.0038 in.) for tensile pull-off and 0.533 mm (0.0210in.)
tor shear pull-off under dry and wet conditions,

pectively. The displ it at failure strength i
0,402 mm (0.0158 in.) for tensile pull-off and 0,660 mm
{0.026n.) for shear pull-off and 0.244 mm (0.0096 in.) for
tensile pull-off and 0.686 mm (0.027in.) for shear pull-off
under dry and wet conditions, respectively.

Interface modelling techniques

Two methods are available in ABAQUS for surface
damage simulations: cohesive element approach and
cohesive surface approach, In the cohesive element
appreach, two objects are connected with cohesive
elements in between them, and in cohesive surface
approach, the surfaces of the two objects are connected
and make a single interface. For cohesive element
approach, the stiffness degradations of materials are

«considered, On the other hand, for cohesive surface

approach, the stiffness degradation of interface (inter-
action of two surfaces) is considered, For cohesive element
approach, the stress—strain distribution and the modulus of
connecting material and fracture energy, which is the area
under the stress—strain curve, are the essential require-
ments. For cohesive surface approach, the modulus of
materials is necessary, but the strength and stiffness of the
interfaces (interaction of two surfaces) are essential for
damage simulations. Also, the interface separation is

aggrepate interface. The inner surface of the mastic
material and the outer surface of aggregate are considered
as mastic—ageregate interfaie in the FEM model,

Finite element model developments

ABAQUS/CAE version 6.9-EF1 (2009) is employed for
conducting FEM analysis. Only one circular shape
aggregate is considered in this model. The radius of the
aggregate is 19.05 mm (0.75in.). A 0,254 mm (0.01 in. =
300 wm) mastic thickness is considered. Previously,
Kringos et al. (2008a, 2008b) considered a 300 pm of
mastic thickness in her model, The inner side of mastic and
outer side of aggregate is restrained in both horizontal and
vertical directions at four points to overcome the rigid
bady its. For pacted dense p L. the
aggregale might move sidewise due to shear force from
tire and move vertically or rotate around its axis. The left-
and right-hinged supports prevent the lateral rigid body
motion, and the lop and bottom hinges prevent the vertical
and rotational movements. The boundary conditions are
limited 1o four locations based on the assumption that
damage oceurs near the boundary condition due to high
stress ol tion. It is d that no damage
occurred imside the aggregate. Generalised shape,
boundary conditions and loading state are shown in
Figure 7. A portion of the finite element model that is
simulated is shown in Figure 7. 'I'he finite element model
shows a combination of both triangular and J4

1 The model is generated as a two-dimensional

required to simulate the damage evolutions, For exampl

if two metal plates are lap joined by adhesive materials
such as glie and the damage of that adhesive muaterial
needs to be investigated, then the proper way of simulation
is to model the adhesive material with cohesive elements.
For this particular research, there is no additional adhesive
material between mastic and aggregate. Mastic works as
an adhesive material on aggregates, and the purpose of
simulation is not determining the damage of mastic, The
damage at the interface is the point of interest. In addition,
the laboratory tests were conducted to predict the mastic -
aggregate interface damage rather than damage of the
mastic iself. For this reason, the cohesive surface
approach is considered as the mastic—aggregate interface
in the FEM model. An aggregate coaed with mastic
material is considered to evaluate damage at the mastic—

continuam homaoge s structure. The model is devel-
oped with plane stress continuum three- and four-noded
linear quadrilateral elements,

The mastic and aggregate are considered as elastic
materials, The elasticity of mastic is assigned according to
Table I with a Poisson’s ratio of 0.30 under dry and wet
conditions. In a previous study, Kringos er al. (2007)
considered 030 Poisson’s ratio of mastic materials.
Despite visco-elastic—plastic behaviour of _mastic
materials, several studies assumed mastic material as
elastic material for simplification of FEM simulation; this
wend is followed in this study. It has been mentioned that
AU behaves viscoelastically at a higher temperature and
elastically ava lower temperature (Zhu er al. 2010). Also at
low temperatures, the stiffness of an asphalt binder
becomes close to the stiffness of a filler material, that is,
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Figure 7. A generalised diagram of aggregate and mastic with houndary conditions, loading and a portion of the FEM.

fine particles passing #200 sieves (Shashidhar and Shenoy
2002). In addition, Tarefder e1 al. (2010) have shown thata
wet mastic shows a very small phase angle, which
indicates that wel mastic matérial can be assumed to
behnve elastically rather l.hnn viseo-elastically at ambient

The elasticity valoe of aggregate is assumed
as 48 3GPa (7.000.000 psi) with Poisson’s ratio of .20
(Roque er al. 2009). The damage évolution is assumed as
lingar, and an elastic displacement value has been given for
controlling the damage initiations. From the pull-off tests
data, the displacement at ultimate force is considered as
elastic displacement, and the displacement at failure force

is considered as total displacement. Between tensile pull-

off and shear pull-off test; the smaller displacement
between these two is selected as eritical displacement and
d as elastic displacement in the FEM model. The
damage stabilisation is given as |E — 05, which is a very
small value required for analysis purpose. The FEM model
that accounts softening and stiffness degradation shows
severe convergence issue. The small value of damage
stabilisdtion parameter will overcome this issue.

Real pavement experiences eyclic tire pressure that
comes from traffic. The monotonically increasing static
loading condition does not show the actual degradation of
materials, For this reason, the FEM is simulated with three
different patterns loads. The loading pattern resembles one
cycle of dynamic tire pressure. The three different load
patterns are shown in Figure 8. The load patterns are
named triangle. sawtooth and rectangle. The triangular
pattern represents a very high speed car, the sawtooth

pattern represents & moderate-to-low speed car and the:

rectangular pattern represents & car that is stationary for a
while and suddenly moves from its stationary position,

also known as astop and go situation. Several studies were:
carried out with cyclic loading on asphalt concrete
pavements (Zaghloul and White 1993, Blab and Harvey
2002, Saad er al: 2005). Three different types of lpad
magnitudes are used in this study. Three displacement
loads of wvalues 0.00508mm (0.0002in.), 0.0508 mm
(0.002in.) and 0.508 mm (0.02in,) are applied as peak
amplitudes. Huang (2004) showed that in twarlayer
pavement systems with 0.483MPa (70psi) dual tire
loads applied over 152.4mm (6in.) asphalt concrete of
689.48 MPa (100,000 psi) elastic modulus, the maximum
vertical deflection is 0.6858 mm (0.027 in.) under one tire
at the bottom of the asphalt concrete, The assumption of

15 15
1o 3 10
L |
00— oo £
g0 05 10 1S 0o 03 o 15
Time (s¢¢) Time (sec)
(a) Triangle (1) Sawtooth

1:55

I

LU T T A
Tune (sec)
{¢) Rectangle

Figure 8. The load patterns.

253

www.manharaa.com




Downloaded by [University of New Mexico] at 10:44 27 June 2013

8 M.I. Hossain and R.A. Tarefder

maximum vertical deformation load of 0.508 mm (0.02 in.)
seems appropriate for these simulations.

Results and discussions
Contact stresses at the interface

Contact stresses are generated at the surface between the
mastic and aggregate. At every element of the surface, the
resulting stresses are divided into normal and shear contagt
stresses. The contour of contact stresses along the surface
can be shown using FEM. Variations of contact stresses
under dry and wet conditions are investigated for different
foad patterns. The rectangular pattern causes higher
normal and shear contact stresses under both dry and wet
conditions. For the case of the rectangular pattern, the load
is applied with its maximum amplitude for a longer time
compared to the triangular and sawtooth patierns. The
normal and shear contiact stresses due to rectangle pattern
load under dry and wet conditions are shown in Figure 9.
The locations of maximum positive and negative normal
cantact stresses are shown in Figure 9(a).(b). The locations
of maximum positive and negative shear contact siresses

Region of maxinutn negative
nommil stress

CPRESS
3255.0 \
29800
2704.9
2429.9
2154.9
1879.8
1604.8
1329.8
1054.7
779.7
504.6
229.6 4
~45.4

(@) Dy~ Normul stress

Location of maximum positive
shear siress

are shown in Figure 9(c),(d). For normal contact stress,
positive value represents tensile siress and negative value
represents compressive stress. In the case of shear stress,
counter-clockwise from the element centre is positive.
Higher intensity of normal contact stresses is close to the
supports and loading point. Maximum tensile contact
stresses are located at the two might and left support
conditions. For shear contact siresses, the positive and
negative stresses are on ¢ither side of the support. The
locations of maximum shear contact stresses are not the
same for dry and wet conditions. Figure 10 shows the
varigtions of the maximum positive contact stresses of
0.00508 mm (0.0002in.) vertical deformation under dry.
and wet conditions for all load patterns. From Figure 10, it
could be observed that for all load patterns, dry conditions
give both higher normal and shear contact stresses than wel
conditions. The presence of moisture in mastic develops
reasonably lower normal contact stresses and significantly
lower shear contact stresses at the interface locations. Low
contact stresses at the interfaces could be one of the reasons
for having higher adhesive damage at moisi mastic~
aggregate interfaces. It should be noticed that the shear

Location of maximom positive
noimal stresd

CPRESS

F 229.5

(b Wet- Normal stress:

Laeation of muximum negitive
shear stress

CSHEART CSHEARL
22.8 5.1
19.6 2.4
1s5i4 0.2
1.2 -2.3

7.0 55
4 &
7 i3
-1%.0 -18.7
£ 2
28,6 266

() Dry- Sheor stress

(d) Wet- Shear stress

Figure &.  Contact stresses due to 0.0508 mm (0.002 m.) vertical deformation under rectangular load (CPRESS means contact pressure

and CSHEAR | means contact shear 1),
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Figure 10.  Contact stresses due 1o/ 0.00508 mm (0.0002 in:) vertical deformation for three load pattems-

strength is higher under wet conditions than under dry
conditions, but secant modulus or interface stiffness is
higher under dry conditions than under wet conditions. For
this reason, interface contact stress affected due to stiffness
of interface rather strength of interface.

Effects of loading
The contact stress variations due 1o three load patterns and

two load magnitudes are compared and presented. Normal
and shear contact stresses for 0.0508 mm (0.002 in.) and
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)
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Contact shéar stress (

=5 888

0.508 mm (0.02in.) deformation load under dry and wet
«conditions are presented in Figure 11. Contact stress
variations for 0.00508 mm (0.0002in.) vertical defor-
mation load have been presented in Figure 10. There are
no significant: differences of normal and shear contact
stresses under dry and wet conditions for triangular and
sawtooth patterns load due 1o incremental deformations
from (.00508 mm (0.0002in.) to 0.0508 mm (0.002 in.) 10
0508 mm (0.02in.). Mastic is taking most of the applied
deformation and the load-carrying capacity of mastic—
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Figure 11, Contact stresses due to vertical deformation loading for three load patterns,

255

www.manharaa.com



Downloaded by [University of New Mexico] at 10:44 27 June 2013

10 M.I Hossain and R.A. Tarefder

aggregate interface does not increase significantly. The
major differences have been observed although vertical
deformation increases from 0.0508 (0.002 in.) to .508 mm
(0.02in.) under rectangular pattern load: For rectangular
paitern load, although vertical deformation increases from
0.0508 mm (0.002 in.) to 0.508 mm (0.02in.), the normal
contact stresses increase about 61% under dry conditions
and approximately 90% under wet conditions. In addition,
while comparing the shear contact stresses due to vertical
detformation increments from 0.0508 mm (0.002in.) to
0.508 mm (0.02in.) for the rectangular pattern load, the
shear contact stresses under both dry and wet conditions
increase by about 163% and 537%, respectively. Normal
contact stresses under dry conditions are two to four
times higher than the wet conditions for all three load
patterns, Shear contact stresses under dry conditions are
around two to five imes higher than wet conditions, Wet
conditions show higher adhesive damage than dry
conditions due to lower contact stresses for all three load
patterns,

Resistance to moisture-induced damage

According to AASHTO T 283 standard, the ratio of
strength of wet and dry samples is a common measure for
resistance of compacted asphall mixtures to moisture-
induced damage. The ratio is known as tensile strength
ratio (TSR). Indirect tensile strength is developed within
the sample by applying direct compression load, The
standard indicates that the lower the ratio, the higher the
damage in the samples. In other words, the lower the ratio,
the sample has a lower resistance: to moisture. Laboratory.
investigations for wet condition samples are completed
following AASHTO T283 standard. Although there are
some differences between T 283 (est and this study,
instead of tensile strengths. the contacl stresses are
compared in this study, also T 283 is carried out with ramp
loading, and this study considers three load patterns. In
these mastic—aggregate interface damage simulation

‘models, from Figure 9, itis observed that under vertical

deformation load, the maximum contact tensile stresses
are developed at the left and right supports; This resembles
the T283 standard's indirect tension development in the
samples. In addition, the loading phenomenon is similar to
the T283 standard. The contact stress ratios under wet and
dry conditions are given in Table 3. The variations of the
ratios are also plotied in Figure 12 for normal contact
stresses and shear contact stresses. It can be observed that
for the mangular load pattern the maximum ratio under
normal contact stress is 0.39 for 0.0508 mm (0.0002 in.)
deformation load. For the rectangle partern load, the
minimum ratio under normal contact stress is 0,24 for
0.508 mm (0.002 in.) deformation load, Similar to normal
contact siress, decrease in ratio is also observed for shear
contact stresses under all pattern loads. Shear contact

Tuble 3. Ratio of wet and dry confacl stresses.

Wet/dry
Deformaion
Load pattern magnitudes (in.) Norrial Sheéar
Triangular 0.0002 0,39 0.24
0.002 037 0.23
0.02 031 0.23
Sawtooth 0.0002 038 0.23
0.002 0,37 0.23
0,02 029 024
Recungular 0.0002 038 023
0.002 024 0.:21
0.02 028 052

stress ratio is smaller than normal contact stress ratio

except for rectangular pattern load for 0.508 mm (0.02 in.)
deformation. The general trend is that normal and shear
contact stress: ratio is decreased for deformation load
increment except in the rectangular pattern. Under
rectangular pattern, contact stresses under wet condition
and dry conditions increase significantly compared with
the triangular and sawtooth patterns. For this reason, the
ratio is also high under the rectangular pattern compared
with the other two load patterns. Detailed investigations
are necessary to see how contact stresses are varying at the

@) 0.60 200002 w0002 w002

050
040
.'g‘ 030 |
z 020
010 ¢
000
Sawitooth
010
Load type
Normal contict

(b) 0.60 =0.0002 ®O002 wO02

0.50
0.40
-?
000
Toangle San‘lmlll
Load type
Shear contact

Figure 12. Ratio of wel and dry contact stresses.
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mastic—aggregate interface under deformation. In
addition, if T 283 test could be carried out with different
load patterns, the comparison between TSR and the ration

d s bet 0.00508 (0.0002in.) and
0. 508 mm (0.002in.) deformation loads under both dry
and wet conditions. According o Figure 14, the wet
conditions show # considerable amount of damage near the

of wet to dry contact stresses would be more ingful.

Damage analysis
Location of maximum damage
Damage is also termed as scalar degradation of stiffness,

‘which is a dimensionless guantity, and varies from zero ta

one. Zero represents no degradation of stiffness and one
represents complete degradation of $tiffness, The Jocation
bclween zero and one is sensitive to damage and will
damaged ‘upon inc of loading. In the
fol]owmg discussions, surface damage and interface
d ge are used interchangeably. The | ion of d:
can be identified by ohserving the contour images of
damage initiation criteria. For rectangular pattern louds,
the damage initiation criteria of 0.0508 mm (0.002 in.)
deformation loads under dry and wet conditions are plotted

‘in Figure 13, Damage initiates near the location of applied

boundary conditions and progresses along the Surfaces.
Initially, there are |3 locations where the maximum
damage occurs under wet conditions and 8 damaged

pports for rectangular load pauern, The stiffness
degradations are about 0.4, 0.4 and 09 for triangular,
sawtooth and rectangular pattern loads, respectively, under
dry conditions. The maximum surface damage value is
1.0, which is calculated from the ratio of surface strength
and applied load at the node or element. For this reason,
under dry conditions for all three load patterns, the surface
damage has not reached its limiting value, or, there is still
sortie stiffness left o the nodes under dry conditions. It
should be neticed that initiation of damage are near the
supports, which means the damage initiation 1s: based on
boundary locations for this analysis. The extent of ‘the
surface damage under wet conditions is more than under
dry conditions. Under wet conditions. eight damage
initigtion points show a stiffness degradation of 1.0, which
means there is no stiffness lefl in those particular nodes or
elements, Under wet conditions, damage has been initiated
for low (0.002in.) vertical deformation loads. Damage
contours between triangular and sawwoth under wet
conditions do not clearly differentiate, but they can

locations under dry conditions. Wet conditions show
higher damage locations than dry conditions, The higher
the deformation load, the higher the damage locations on
the interfaces.

Progression:of damage

The contour plot for surface damage due to 0.0508 mm
(0.002 in.) deformation loads under dry and wet conditions
for three different load pamerns is shawn in Figure 14.
There are no significant differences. found in surface

differentiate between sawtooth and rectangle pattern
loads,

The contour plot for surface damage due to 0.508 mm
(0.02iny deformation loading under dry and wet
conditions for three different load patterns is shown in
Figure 15, Damage contour shows clear differences in dry
and wet conditions for all three load pitterns in Figure 15,
Under both dry and wet conditions for all three loading
patterns, séveral locations of interfaces are exposed to
damage. For triangular load pattern under dry conditions.
two new locations and under wet conditions, three new
locations are exposed to damage. For sawtooth load

(a) Dry

(b) Wet

Figure 13, Damage locations due 1o 0.0508 mm (0.0021n.) vertical deformation under nectangular load (CSMAXSCR is maximum

traction damage initiation critecta for cohesive surfaces),
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Figure 14, Contour of surface disrmage due'to 0.0508 i (0.002 in.) vertical defarmation load (CSDMG is scalar stiffness degradation

for eohesive surfaces).

pattern under dry conditions, three new locations and under
wet conditions, four new locations are exposed to damage.
Forrectangular load pattern under wet conditions, the upper
portion of the interfaces shows as entirely damaged. Under
dry conditions for rectangle load patterns, the upper portion
shows nearly complete damage. The extent of damage
increased for all previously exposed eight locations. The
upper portion of interfaces shows more surface damage
than the lower portion of the interfaces for all load patterns,
The loaded region at upper portion of mastic—aggregate
interface carnies more load than the lower interface region.
For this reason. the load-carrying capacity of the upper
portion of the mastic-aggregate increases and reaches the
strength and caused damage.

The numerical values of daemage under dry and wet
conditions due to three different deformation load
magnitudes for a particular nodal point are shown in
Figure 16, Node A 1s chosen and the position of the node is
also shown in Figure 16. This node is very critical as it is
near the applied deformation location and more sensitive
to damage. Node A 15 not exactly under the loaded region
and not ar the stress intensity region thar caused due to
boundary condition. Also node A shows clear progression
of damage under differemt load patterns and magnitudes,

Under dry conditions and three different load patterns, the
variations of damage are shown. As the deformation
increases, the slope of the curve becomes: steeper. Also
damagc umgmtude mucases as loading time and
" Similar ph observed under
wcl conditions. For higher load magnitudes, the wet
interfaces initiate damage earlier than dry interfaces.

Interface de-bonding due to damage

Conract interface stams

The bond state under dry and wet conditions for
rectangular load pattern due to 0.0508mm (0.002in.)
deformation loading is shown in Figure 17. The contour
value 1.0 means bonded and 0.0 means de-bonded
between the two surfaces. For 0.0508 mm (0.002in.)
deformation loads under dry conditions, there is no de-
bonded region. On the other hand. under wet conditions,
some particular locations show de-bonding between
mastic and aggregate. The locations where the de-bonding
occurs have surface damage values equal to 1.0. If we
compare Figures 14 and 17, under dry conditions the
surface damage does not exceed 1.0, indicating that the
interfaces of mastic and aggregate are bonded, The similar
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Figure |15, Contoyr of surface damage due 100,508 mm (0,02 in.) vertical deformation load (CSDMG s scalar shiffpes degradation for
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Figure 16.  Damage at node A due to vortical deformation load.
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(@) Dry- Rectangle:
Figure 17, Interface bonding due to 0.0508 mm (0.002in.) vertical deformation load (BDSTAT is bond state).

scenario is alko observed for 0.0508 mm (0.0002in.)

deformation loading and similar loading patterns. It is-

clear that bondage between mastic and aggregate depends
on the interface damage and the phenomena are critical
under wet conditions.

The bond state under dry and wet conditions for three
different load patterns due to 0508 mm (0.02in.)
deformation ‘loading is shown in Figure I8. As the

‘deformation increases from 00508 mm (0.002in.) 1o
0508 mm (0.02in.), the bonding status under dry

conditions changes and under wet conditions becomes

i

(b) Wet-Rectangle

worse. Figure 18 shows that under dry conditions, we have
initiation of de-bonding that begins from the upper portion
‘of the interfaces. Under wet conditions, the rectangular
patiern load shows severe bond damage. For triangular
load pattern under dry conditions, there dre three de-
bonded locations, and under wet conditions there are nine
de-honded locations. Similar numbers of damaged
locations are observed for sawtooth load patterns under
dry and wet conditions. For rectangle load pattern under
bath dry and wet conditions, there are 3 and 12 de-bonded
locations; respectively. The de-bonding locations are

(d) Wet- Triangle

&) Wet- Suwtaly

(1) Wet-Rectangle

Figure 18,  Interface bonding due to 0.508 mm (0,02 in;) vertical deformation load (BDSTAT is bond state),
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Figure 19.  Contact perimeter between mastic and aggrepate undor rectanguler load.

dominated at the upper portion of the surfaces. 1t has been
previously observed that the damage locations are alsa
extended over the upper portion of the interfaces.

Quantification of de-bonded surfaces

The bond status can be explained by determining the
contact perimeter between mastic and aggregate, Before
loading, the bonded comtact perimeter is measured as
119.63 mm (4.71 in.). The contact perimeter, after apply-
ing the deformation load, can be computed for rectangular
pattern and is shown  Figure 19, Under dry conditions
and for 0.00508mm (0.0002in.)y and 0.0508 mm
(0.002 in.) deformation loading, the contact area is intact
or no de-bonding is found, but for 0.508 mns (0.02in.)
deformation loading, about 6.8% of the perimeter has lost
contact. On the other hand, under wet conditions due (o
0.00508 mm (0.0002in.) deformation, there is no de-
bonding observed, but due to 0.0508mm (0.002in.)
deformation, about 44.92% and for 0.508 mmy (0.02in.)
deformation about 49,1% of perimeter has lost contact.
Significant amount of de-bonded interfuce are observed
under wet conditions than under dry conditions.

Conclusions

The asphalt mastic—aggregate interfaces are simulated,
and interface damage is quantified using FEM and traction
separation law, readily available in ABAQUS. Model
parameters are determined from laboratory pull-off and
strength testing of mastic materials. Model geometry is
defined by a two dimensionally idealised aggregate
particle surrounded hv mnsnc malerials 1o represent
adhesive damage. M is quantified through
contact stress, load magnitude to darnage initiation and de-
bonding. The findings of this study are summarised below,

® The contact stress is significantly higher in dry-
conditioned mastic -aggregate interface than in the
wet-conditioned interface for dll load magnitud

and patterns. Lower contact stresses are one of the
reasons for higher mastic—aggregate interface
damage under wet condition.

Itis shown that damage initiates and progresses mostly
on the upper half of the mastic—aggregate interface. In
wet-conditioned samples, surface damage initiates at
0.00508 mm (0.002 in.) deformation, whereas damage
initiates: at 0508 mm (0.02in.) deformation in dry
condition, Stiffer dry mastic material carries' higher
applied deformation and shows lower mastic-
aggregate interface damage. Softer mastic material 1s
unable to carry smaller applied deformation and
exposed 1o higher interface damage.

De-bonding in wet sample is significantly higher than
that in dry sample. About 6.8% (% perimeter) interface
de-bonding occurs in the dry sample: On the other
hand, about 49.1% interface de-bonding occurs in the
wet-conditioned sample. Lower contact stresses are
responsible for higher de-bonding. De-bonding
between mastic and aggregate is one of the main
reasons for premature permanent failure of AC
pavement under wet conditions.
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HIGHLIGHTS

» Cohesive damage is higher than adhesive damage under both dry and wet conditions.
« Matrix-aggregate interface is the weakest region.

« Cohesive damage propagates towards interface and initiate adhesive damage.

« Thicker matrix on aggregate prevents adbesive damage ar the interface,

ARTICLE INFO ABSTRACT

Articie history: In this smdy damage in asphalt matrix smrmmdingan aggregate particle is modeled in ABAQUS, which is
Received 2 junc 2013 ilable finite el D is identified by damage location, magnitude. and
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Accepred 29 August 2013 lmttmxt damaaed ares in matrix under dry and mmndxuom Normal and shear stiffness of matrix

d in the lab are run thinand thick layers of
matriy, two applied deft i id ing tire p and thrée deformation intensity patteins
ation time of the tire nres:m-e.ﬂmmuus indicaterbatdmmmes ar the surface
Kysiinds; and propagates tawards the marrix-aggregate interface. Damage in the wer conditioned samples is
mmm higher than thase in dry samples. which is exp Wet have lower stiffness and
Matrix m’erlgfhmandryumpkxlnbnmaqmdwﬂtondndmamdmmamdmmﬁnmwﬂ
Finite Element Mcthod the surface (cohesive damage) that in the interface (adhesive damage), Cohesive damage 15 higher than
Cobesive adhesive damage but matrix-aggregate interface is the since
Adhesive interface without causing significant damage inside the matrix other than top s\rrh:e ormalrim Huwnvr
thicker matrix prevents adhesive damage by p ting damage pi
increases while deformation magnitude and application time increases. The worst damage s:mmo
abserved for thin matrix with 1.27 mm (0.057 in.) defs ion and for rectangular pattern; about
16.67% matrix-aggregate interface and 30.30% of the vicinity of surface area are damaged under wet
condition.
© 2013 Elsevier Ltd. All rights reserved.
1. Introduction Mastic is a mixture of fines (materials passing #200 sieve) and

Asphalt Concrete (AC) can be defined as asphalt coated coarse
aggregate particles surrounded by mastic and matrix materials.

" Abbreviarions: AC, Asphialt Concrete; FEM, Finite Eléiment Method. VERCD,
Viseo-Elastic-Flastic Conrinuum Dansage: DSC, Disturb State Concenti MAXSCRT,
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asphalt binders, Matrix is a mixture of asphalt binder with fine
aggregates passing through a #4 (4.75 mm) sieve and retained on
a #200 sieve |1-4]. Damage due to moisture in AC occurs mostly
in the mastic or matrix or interface of the materials |5]. Most
researchers agree thar damage due to moisture inside an aggregate
particle is limited. Rather, most of the moisture damage occurs in
mastic and matrix materials. This study focuses only on the matiix
damage due to moisture,

Cohesive and adhesive d, are two major reasons of AC
damage |6-10]. The phenomena of adhesive and cohesive damage
are shown schematically in Fig. 1. Fig. 1a shows a fresh sample of
AC, which is not subjected to any damage. fig. 1b shows loss of
bonding within the asphalt binder or mastic or matrix {cohesive}
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Course aggregate

Filie aggregate

Fines
(a) No loss of bonding

Adhesive damage

Cohesive dumuge

(b) Loss of bonding
Fig. 1. Schematic of adhesive and cahesive damage in AC.

and at the matrix-aggregate or mastic-aggregate interface
(adhesive). Few studies are considered in the past to understand
the evolution and progression of matrix damage under dry and
wet conditions [ 1.3.11].

Damage initiates at molecular scale but it is clearly visible ar
mesoscale, a full scale pavement, Although the previous studies
show the severity of damage due to moisture candition but this
study is done to understand how damage initiates in matrix mate-
rials (cohesive damage) and then move towards matrix aggregate
interface (adhesive damage) and quantify this damage for a small
scale considering variability of AC. Itis believed that, the under-
standing of damage in small scale will help to improve the mix de-
sign procedure, select appropriate constfuction materials,
application of additives, better material design to prevent damage
and many more. In this study. damage in a system of aggregate
coated by matrix. considered as small scale AC, is studied. Total
damage is characterized as cohesive and adhesive damage as de-
scribed in Fig. 1, Te identify initiation and location of damage,
the damage is evaluated using damage evaluation criteria defined
by maximum nominal stress criteria. Maxlmum stress criteria is
defined as, d within a | when it reaches to
maximum strength under Ioadirlg condition [ 12-15],

1.1. Objectives

The objectives of this research work are,

(1) Identify d. and categorize it into the adhesive and
cohesive damage in matrix material of AC under dry and
wet conditions.

(2) Evaluate the effects of moisture in adhesive and cohesive
damage initiation and propagation.

(3) Quantification of adhesive and cohesive damage in the
matrix materials.

1.2, Methodology

Maximum stress criteria is used to determine adhesive and

mngmmdes representing ur! pressuw on AC, md th:ee defnrma-
tiom | ity patrerns rep! PP time
of tire pmssure on AC.

1.3. Damage modeling of AC

Concept of damage mechanics is introduced in early 1920 but a
major breakthrough is occurred in late 1950 by Kachanov [16],
Damage in material due to environmental degradation such as
presence of moisture and damage in concrete materials due to
non-homogeneous material is introduced [17), 1t is ioned that
geo-materials and polymers changes their mechanical properties
under the influence of environment even in the absence of stress.
Alsa concrete like materials have weak mechanical resistant due
to non-homogeneity.

Damage in AC is studied for decades. In early 1990, damage in
visco-elastic materials in terms of accumulated viscous strain is
described [18]. Later on, visco-elastic damage model is applied
on AC | 19]. This model is modified and a Visco-Elastic-Plastic Con-
tinuum Damage (VEPCD) model is developed to study initiation
and accumulation of micro-cracking due to material damage and
o study damage progression |20). FEM is mel:m:mzd using
VEPCD and simulation of damage growth due o of
viscous strain under fatigue loading is performed [21], According
to authors knowledge. VEPCD does not identified cohesive and
adhesive damage in AC. Desai defined disturbance as a damage
to measure the translation, rotation and micro-striictural changes
within AC materials |20]. Desai's Disturb State Constitutive (DSC)
maodel is not used to characrerize stiffness degradation of matrix
or disturbance iri mastic or matrix dué ro moisture.

Several Finite Element Method (FEM) based d dels are
developed to characterize linear viscoelastic and visco-elastic-
plastic materials |22-24). Most of the models used VEPCD or mod-
ified VEPCD with user defined constitutive equation implemented
in FEM model for full scale pavement or cylindrical core specimens,
Damage due to accumulation of visco-elastic and visco-plastic
strain is shown for different temperature under loading conditions.
Also, m‘aximum sms‘s criteria is implemented as cohesive zone

deli dicting multi-scale damage model by FEM [25].
An aggregaze surruunded by asphalt is considered as small scale
and a full scale AC pavement consists of several aggregates is con-
sidered as large scale model. Average stress and strain in the FEM
madels are computed and compared for both undamaged and
damaged conditions, Cohesive zone model is also implemented
by FEM for cylindrical AC sample | 26]. Only stress and strain rela-
tionships are computed for different strain rates.

Many studies are done to identify damage under dry and wet
conditions in AC [ 10,2732}, Most of the studies evaluate damage
in AC by laboratory measurements. Even though both laboratory
investigations and FEM model studies are agreed with the concept
of adhesive and cohesive damage burt very few of them able to

identified and evaluated those damage into FEM models. Most of

the studies emphasized on the total damage of AC. Also, none of
them has able to include and evaluate both adhiesive and cohesive
damage in a single FEM model. In addition, very few studies con-
ducted FEM analysis under both dry and wet conditions. Initiation,
progression, and guantification of the adhesive and cohesive dam-
age using maximum stress criteria in matrix under wet and dry
conditions are not performed yet. '

cohesive damage by applying Finite Element Method (FEM)
modeling. Commercial software ABAQUS is used as a tool of FEM.
Laboratory tests are performed on matrix material under dry and
wet conditions to determine the FEM damage model inputs, The
initiation and progression of the adhesive and cohesive damage
of matrix coated an aggregate particles are evaluated and quanti-
fied considering two different matrix thicknesses, two deformation

1.4. Damage law for cohesive elements

Cohesive element damage law is used in this study to define
matrix d ‘Cohesive law is defined by a ically
increasing Lraction-separation load up to a critical point followed
by a manotonically decreasing load or softening curve (331, The
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critical point or highest point or load is known as the damage
initiation peint. The elastic behavior is defined by an elastic consti-
tutive mau'lxﬂmrelasasmthe minal stress and inal stain

f Nominal stress is defined by the force

in the i 3
component divided by the element area at each integration point.
Nominal strain is the separation divided by the original thickness
at each integration point. The nominal stress vector, g, consists
of three traction components a,, acting to the pure normal direc-
tion, o, acting toward the first shear direction and o, acting toward
second shear direction, The stress tensor o can be express in terms
of stiffness E and strain &

0y Ew' B Eu] fon
Oi=1u0, ¥ = |iEx By by 8 » =8¢ (1)
o Ew Er Ex\&

wherte E,, is the stiffness in the pure normal mode, Eg; is the stif-
ness in the first shear direction and Ey is the stiffness in the second
shear direction.

L5. Damage initiation criteria

Damage is assumed to initiate when the maximum nominal
stress ratio reaches a value of one. The maximum nominal stress
ratio is defined by the following equation:

(Fa} Gi G .
max{vg u?a?} 1 (2)

where £ is the nominal strepgth toward the normal direction, £ is
the nom:nal shear strength toward the first direction and &2 is rhe
nominal shear strength toward the second ditection measured in
the laboratory. In this study, only compressive strength and shear
strength 1o the first direction of the matrix are measured in the lab-
oratory. Also, two dimensional FEM model is considered for identi-
fying damage. For this reason the second shear strength pammcier
is not required and Eq. (2) becomes,

max{‘;;’ :;} 1 @)

The tests are done under both dry and wet conditions. The sym-
bol () is known.as Macaulay bracket. Macaulay brackets are used to
signify that a pure compressive deformation or stress state does
ot initiate damage. It should be noted thar, maximum strain ratio
can also be computed by Eq. (4), which is similar to Eq. (2). The
maximum strain ratio can be expressed as,

{6a) & 8] _
max ({5 5} =1 @

where £] is the maximum nominal compressive strain of matrix, &
is the maximum nominal shear strain toward the first direction and
& is the maximum nominal shear strain toward the second direc-
tion measured in the laboratory. This equation is not used for this
study.

2. Materials and methods
2.1. Sample preparation

Asphalr mix is collected from a local plant in cooperation with
the New Mexico Department of Transportation (NMDOT). The
loose mix is separated by sieving. Loose mix passing through num-
ber 16 sieve (1.19mm) and retained on number 200 sieve
(0,074 mm) is collected as matrix material. Cylindrical samples of
height 69,85 mm (2.75in.) and 3531 mm (1.39in.) diameter are
compacted to'a target void ratio of 4.0 £ 0.5%. For wet conditioning,
samples are soaked before testing for 48-h under water at room

temperature and subjected to a vacuum pressure of 30 mm Hg
for half an hour.

2.2. Compression and shear test

Three dry and three wet cylindrical matrix samples are uniax-
ially Toaded to failure under strain-controlled mode [3435]. A
loading rate of 1.27 mm/min (0.5 in.fmin) is used. Aiso three dry
and three wet samples are compacted in a shear box and subjected
to shear failure with a loading rate of 1.27 mm{min, Average of
three samples’ results from and shear tests are sum-
marized in Table 1, Stiffness E-wg!m is determined by mcasurlng
the slope of secant modulus, Secant modulus is defined as slope
connecting origin to 50% of maximum strength of material [36].
Several studies used and recemmended secant modulus to calcu-
late elastic modulus of asphalt concrete [ 37-39], Ultimate strength
of matrix materials obtained from compression and shear tests are
also listed in Table 1 [34.35], It can be seen that E-values of dry
sample are higher than those of wet ples, which is
but there is an exception, E-value of wet sample under compres-
sion is found to be smaller than the E-value in shear. In a previous

‘study, it is observed that, aggregate surface roughness increases

after moisture conditioning |40]. This increased surface roughness
might cause the material stiffer than the dry material. Unlike com-
pressive test, the shear test is confined into shear box and might
causes additional stiffness.

2.3: FEM model development

The FEM model is develaped using ABAQUS/CAE 6.9-EF1, com-
mercially available software. A two-dimensional idealization of a
circular aggregate surraunded by a layer of matrix material is con-
sidered, Obviously, it can be argued that the circular aggregate is
not a true representation of aggregate particles reside in an AC.
Similar argument can be made on the size of the aggregate particle,
Also other studies use circular shape aggregate to predict mois-
ture-induced damage [3.11], The fact is the shape and size of
aggregate particle varies a lot in asphalt concrete. Therefore a
study that would consider the effects of the size and shape on
the outcomes; that is asphalt cohesion and adhesion, can itself be
complex but doable. For simplicity, the model considered for this

'study is one quarter of a circular coarse aggregate surrounded by

a layer of matrix material, as shown in Fig. 2. This suffices the
purpose of this study. The radius of the aggregate is assumed to
be 19.05 mm (0.75in.) based on the nominal maximum size
(254 mm or 1.0 in.) of the mix aggregate collect from the plant.
Since matrix thickness varies in asphalt concrete, two thicknesses
of matrix layers (0.508 and 1.27 mm) are considered. The size of
the selected fine aggregate is ranges from 1,19 mm to 0.074 mm.
The thickness of matrix is chosen such that the fine aggregates it-
self have sufficiently coated with asphalt binder to make a homo-
geneous matrix material,

Though AC has been considered to be visco-elastic-plastic

ial, matrix is d 1o behave elastically following the
Table 1
Laboratery test results under dry and wet conditions
Test type Ultimate strength E-value
Dry
Compression 2.61 MFa (379 psi) 182.72 MPa (27,952 psi)
Shear. .81 MPa (118 psi) 147.64 MPa (21,413 psi)
Wet,
Compression 2,02 MPa (293 psi) 129:44 MPa (18,773 psi)
Sheay 0,56 MPa (81 psi) 139,10 MPa (20,174 psi)
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Loading lengrh= 10.16 mm (0.4 in )}
- —

Fig 2. Aggregate-matrix FEM model geometry,

behavior observed in other studies. It is mentioned that AC behaves
elastically at low remperature and visco-elastically at high temper-
ature | 41]. Also the stiffness of binder is close to stiffness of filler at
lower temperature |42, In addition; the phase angle and rut factor
for wet AC material is small comparing to dry AC material and wert
AC material considered behaves elastically [43). E-value of lime-
stone aggregate is well established in literature, therefore labora-
tory tests are pot conducted on aggregate. The E-value of
aggregate used in this study is 48.26 GPa (7.000,000 psi) and the
Poisson's ratio is 0.20 [44].

The loading and the shape of the FEM madel are symmetrical to
the vertical axis; The model is restrained for vertical and horizental

strength of asphalt concrete wheel is determined by subjecting
an asphalt concrete sample diametrically though a 20.32-
25.4 mm (0.8-1.0 in.) loading strip. Since the model is axi-symmet-
ric. deformation load is applied over 10.16 mm (0.4 in.) length.

Traffic load on the roadway p is dy ic and cyclic.
The shape of the dynamic load varies and really depends on the tire
foot-print and speed of the vehicle. For example, dynamic modulus
of asphalt concrete is d ined using si idal loading for
using in the new mechanisti pirical p design proce-
dute. In this study the FEM model is simulated using three defor-
mations intensity shapes or patterns namely, triangle, sawtooth
and rectangle 45], In each case, only one cycle of dynamic defor-
mation is applied. These three deformation patterns are shown in
Fig. 3. In this study the deformation intensity pattern used to see
how damage initiates and progressed into matrix while the defor-
mation applied with highest intensity for a very short time (i.e.
triangular patter) or the deformation applied with highest inten-
sity for the entire analysis period (i.e. rectangular patter) and in be-
tween of those two (i.e. sawtooth pattern).

The deformation is applied on the FEM model by following
three load intensity patterns shown in Fig. 4 and according to the
function described in Table 2, According to Table 2, i stands for
intensity magnitude and r stands for time in second. For an exam-
ple, for triangular pattern, at ¢ = 0, 0.072 mm deformation multiply
with intensity magnitude i =0, so total zero deformation is applied
at t=0; then at =005, 0.072mm deformation multiply with
intensity magnitude i=1.0. sp total 0.072mm deformation is
applied at 1 = 0.5; then at 1 =0.10, 0.072 mm deforination multiply
with intensity magnitude i = 0, so total zero deformation is applied
at end of the cycle. If the time increment and corresponding
magnitude in the cycle is needed for the ABAQUS solver then it
calculated automatically by linear interpolation.

The analysis matrix is shown in Table 3. Total twenty-four FEM

maovement at the bottom. but only horizontal is re-
strained on the sides. Four noded linear quadrilateral cohesive
elements are used to define the matrix. Linear elements are used
since quadratic elements are not available for assigning axi-sym-
metric cohesive element in ABAQUS. Three and four noded linear
quadrilateral plane stress elements are used to defirie the aggre-
gate. Combinations of both three and four noded elements are re-
quired due to the circular shape of the aggregate. In ABAQLIS,
maximum stress criteria required maximum stress in both vertical
and shear directions according to Eq. (2). Since the model is two-
dimensional, data from one shear direction is sufficient as per Eq.
(3). The interface between matrix and aggregate is defined as cohe-
sive interaction. The bottom of matrix surface and top of aggregate
surface are selected to make an interface. FEM model should have
interface interaction behavior while model consists of two differ-
ent materials and in contact.

In the FEM model, instead of applying a load, a Specified defor-
mation is applied and stresses are calculated using Eq. (1) and used
to determine damage according to the Eq. (7). Deformation magni-
tudes of 0,72 mm (0.0285 in.) and 1.45 mm (0,057 in.) are applied
on the FEM model, The magnitide of the deformation is calculated
based on a standard duel tandem wheel on a pavement. It is ob-
served that a dual tandem wheel of total 889.64 kN (200,000 1b)
load produces a 1.45 mm (0.057 in.) deformation in a 203.02 mm
(8 in.) thick AC. Therefore 1,45 mm value of the deformation is con-
sidered. Also, half of this 1.45mm is considered. The selected
deformation is the extreme deformation that a pavement can expe-
rience since the weight of the dual tandem is for the. landing gear of
an aircraft. Also an aggregate coated with matrix material located
at the top surface of pavement might experiences that amount of
deformation. This deformation is considered to observe the
extreme scenario of damage in AC. The deformation load is applied
on 10.16 mim (0.4 in.) length of matrix. Usually, Indirect tensile

ions are run according to Table 3,

3. Results

The damage locations near the top surface of the matrix andfor
in between the top surface and matrix-aggregate interface are
named as cohesive damage: The damage locations at the bottom
of matrix andfor near the matrix-aggregate interface are named
as adhesive damage. The matrix layer with a thickness of
0508 mm (0.02in.) is termed as thin matrix and 1.27 mm
(0.05 in.) is termed as thick matrix in the subsequent sections.

3.1. Bamage magnitudes

Damage magnitudes are identified using Maximum Stress Crite-
ria (MAXSCRT) contours. MAXSCRT contour is a plot of the ratio of
stress computed by the FEM model due to applied deformation
over ultimate stress or strength measured in the laboratory as de-
scribed in Eq. (3). Upon applied deformation and using Eq. (1), for
each integration point of an element, the normal and shear stresses
are calculated; the calculated normal and shear stresses are nor-
malized by using Eq. (2 ) for two dimensional FEM model; the max-
imum normalized value between the two ratios are the critical
normalized value and showed as MAXSCRT valie in the contour
diagram. MAXSCRT is a unit less value since it is a ratio of two
stresses, The maximum value of MAXSCRT is 1.0, When MAXSCRT
value is 1.0 for an element than that particular element is known as
damaged element for the whole domain. When MAXSCRT value is
less than 1.0 for an element, the element is not damaged yet but
will or might damaged upon increase of load magnitiide or in-
crease of duration of load or decrease in material thickness. The
two deformations are used to see the changes in damage initiation
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Table 2.
Defarmation ntensity patverns and functions specify. In ABAQUS,
Triangle Sawtooth Rectangle
i=0arr=0 =D art=0 i=Qatt=0
i=1.0at t=0.05 i=l0atr=003 = 1.0 at ¢=0.0000001
i=0art=010 =1 0ate=007 = 1.0 at | = 0.0899995
i=0ater=0.10 i=Datt=010

and progression due to increase of deformation magnitudes; three
load patterns are used to see the changes in damage initiation and
progression due to changes of duration of applied deformation;
thin and thick matrix are used to see the change in damage magni-
tude due to change in thickness.

According to Table 1, the E-value for normal direction is higher
for dry samples than wet samples, so, for same deformation and
using Eq. [ 1), the normal stress under dry condition is higher than
wet condition. On the other hand, the maximum normal stress is
also significantly higher under dry condition than wet condition,
so, the normalized value calculated using Eq. (2) for dry condition
might lower than wet condition. If E-value for shear directions are
considered, the dry sample has lower E-value than wet sample, so.
for the same deformation or strain and using Eq. (1), the shear
stress is lower under dry condition than wet condition, Further-
more, the maximum shear stress is significantly higher under dry
condition than wet condition, so, the normalized value calculated
using Eg. (2) for dry condition might lower than wet condition.
While comparing the normalized normal and shear stresses under
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Table 3
FEM model analysis matrix
Condition  Matrix thick Diefc i D ion value
intensity pattem
Dry G.508 mm (0.02 in)  Triangle 0.72 mm (0.0285 in.}
Wet 127 mm (005in}  Sawtooth 145 m (0.057in)

Rectangle

dry or wet condition, ABAQUS solver picks the highest value be-
tween two and shows as MAXSCRT value for that particular
candition.

In addition to deformation value, the duration of applled defor-

mation is also important for pregression of
deformation is applied for a specified time step. For triangular
pattern, deformation increases over time and the maximum defor-
mation applied for almost zero second or instantaneously, for saw-
tooth pattern, maximum deformation applied for 0.04 s and for
rectangular pattern. maximum deformation applied for almost
0.0999998 5. Damage inside the material is higher when deforma-
uon is applied for longer tlme The reason behind, when damage

iates due to applied di ion in some elements {i.e. MAX-
SCRT value is 1.0), that element does niot carry any stress for the
rest of the analysis period. For this reason, stress carrying capacity
increase for adjacent elements and their MAXSCRT value increases
over time and damaged if normalized value exceeds 1.0 and the
process continues until the end of analysis period. It is expected
that rectangular pattern shows higher damage locations than saw-
tooth or triangular pattern since the applied deformation is applied
for longer time period.

Moreover, thickness ef matrix on aggregate might help prevent
damage inside the matrix material. Thicker matrix provides higher
stress catrying capacity since more area of matrix is taking stres-
ses, Thick matrix will carry higher deformation and distribute
stresses evenly inte the larger area to reduce damage than thin
matrix.

The maximum MAXSCRT values for the whole model of wet and
dry samples are plotted in Fig. 4 for three intensity patterns. for
0.72 mm (0.0285 in.) and 1.45 mm (0.057 in.) applied deformation
on thin and thick matrix. Maximum MAXSCRT values are taken
from the contour plots. Comparing Fig. 4a-d. it can be seen that
MAXSCRT values for thick matrix is lower than thin matrix for tri-
angular and sawtooth pattern. Rectangular pattern shows highest
MAXSCRT value for both thin and thick matrix in all cases. Indeed,
thicker matrix is less damaged than thinper matrix for both dry
and wet conditions and proved that thicker matrix sustain more
deformation than thinner matrix. On the other hand comparing
Fig- 4a and c, and Fig. Shandd it can be seen that r

(a) Dry-Triangle (b) Wet-Triangle
MAKBCRT  [8 MAXECRT
(Avg: TIW) (Avg: 7%
358 8%
8% i
555 537
33 i
i i3
b

/)

(e) Diy-Sawtooth (d) Wet-Sawtooth

MAXSCRT value increases due to i of applied deformati
Alsa wet samples show higher maximum MAXSCRT value than
dry samples and prove that wet samples are more damage prone
than dry samples, Reasons for showing higher MAXSCRT value un-
der wet condition comparing to dry cendition is explained in the
following sections. Also maximum MAXSCRT value increases when
load intensity pattern changes from triangular to sawtooth to rect-
angle. This supports the argument that, duration of applied defor-
mation influences damage in the matrix and more damaged
locations are exposed inside the matrix material, .

In Fig. 4a, the maximum MAXSCRT value is about 0,68 under
dry conditions and 0.73 under the wet conditions for the triangle
pattern. Since for the triangular loading, the MAXSCRT value is less
than 1.0, so no element is damaged, The MAXSCRT value in some
clements reaches the maximum value of 1.0 under both dry and
wet conditions for sawtooth and rectangular patterns Sn for both

(e) Dry-Rectangle (f) Wet-Rectangle

Fig. 5. Maximum Stress. Criteria (MAXSCRT) under dry and wet conditions. for
1.45 mm (0,057 in.) deformation and for thin matrix.

According to Fig. 4b, the maximum MAXSCRT value is about 0.06
under the dry condition and 0,09 under the wet condition for trian-
gular pattern: the maximum MAXSCRT value is about 0.11 under
dry condition and 0,15 under wer condition for sawtooth pattern.
In Fig. 4¢, the maximum value of MAXSCRT is 1.0 for all three load
patterns; means, both dry and wet samples shows damage. In
Fig. 4d, the maximum value of MAXSCRT is about 0.13 under dry
condition and about 0.18 under wet condition is about 0.18 for
the triangular pattern: the maximum MAXSCRT value is about
0.21 under the dry condition and 0.30 under the wet condition
for sawtooth load pattern; the maximum value reaches to 1.0 for
rect. lar pattern under both dry and wet conditions.

sawtooth and rectangular patterns there are d ]
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32, Damage contours

The advantage of the FEM maodel is the contour plots of the out-
put variables. Figs. 5 and 6 are plotted for MAXSCRT to identify the
distribution of damage in the matrix material for the 1.45 mm
(0.057 in.) deformation and for the thin and thick matrix respec-
tively. Contour plots for the 1.45 mm (0.057 in.) deformation are

presented because according tp Fig. 4, 1.45 mm (0.057 in.) defor-

mation shows higher damage in the matrix material. One zoomed
in section is shown for each loading pattern so that the contour of
damage can be seen clearly. The color of contours ranges from
blue” to'red: blue means small damage and red means large damage.
Camparing Fig. 5 with Fig. 6. there are more red color regions for thin
matrix than thick matrix. since thin matrix have higher damaged
locations. than thick ‘matrix. Most importantly both adh and

cohesive damage are occurred in dry and wet conditioned samples
for thin matrix but mostly cohesive damage observed for thick ma-
trix. Surely, thick matrix is stronger than thin matrix and carries
more deformation bhefore damage.

It is difficuit to quantify damage in matrix and identified it to
adhesive and cohesive damage under the triangular pattern for
thin matrix by only observing and comparing Fig. 5a and b. Similar
scenario is also true for Fig. 5c and d under the sawrooth pattern
for thin matrix. For the rectangular pattern, cohesive damage at
the top of matrix and adhesive d at the b of matrix
and near the interface are clearly shown in Fig. Se and { for the thin
matrix. Both dry and wet ples show cohesive and adh
damage but wet sample shows more damage at the bottom of
the matrix. Damage initiates under the deformation loading zone
and at the top of the matrix. Most of the elements at the top of ma-
trix damaged just after applying deformation. After initiating dam-
age at the tap of the matrix. it progresses towards the bottom of
the matrix and near the interface region since interface region is
weakest in the whole domain, Damage progressed towards the
battom of the matrix and continues progression until every ele-
ment near interface region exposed to damage; when no element
is capable of taking any stress at the interface region, than the
damage progressed to the second bottom layer since those ele-
ments are the weaker in the domain. It is clear that matrix material
near interface region is the weakest and prone to damage under
borth dry and wet conditions for the thin matrix. in addition, the
strength and stiffness under dry condition is higher than under
wet condition; for this reason, dry condition sustain more defor-
mation and carry more stress than wet condition at the bottom
of the matrix and shows less damage. The elements near to the left
side boundary conditions do nat show significant damage because
according to Eq. (1) pure compressive stress will not cause any
damage in the matrix. Indeed those elements are under pure
compressive stress.

Fig. 6 presents MAXSCRT for 0.057 in. deformation load for the
thick matrix. According to Fig. a and b the maximum MAXSCRT
valye is 0.13 and 0.18 for the triangular pattern under the dry
and wet conditions respectively. In Fig. 6e and d, the maximum
MAXSCRT value is 0.21 and 0.30 for the sawtooth pattern under
the dry and wet conditions respectively. The MAXSCRT value less
than 1.0 means no element exposed to damage but will damage
with changes in deformation duration time or higher deformation
magnitude. Fig. Ge and  shows the maximum MAXSCRT value 1.0
for the top elements, means cohesive damage occurred for the rect-
angular pattern. It should be noticed that the minimum value of
MAXSCRT are showing zero but this is not zero rather very small:
the values are showing zero since the MAXSCRT values are

2 For interpretation ol color i Figs. 5 and 6, the reader i referred to the web’
werslon of this article.

(a) Dry-Triangle (b) Wet-Triangle

i
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(e) Dry-Rectangle
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Fig. 6. Maximum Stress Uriteria (MAXSCRT) under dry and wet conditions for
1.45 mm (0.057 in.) deformation and for thick matrix.

rounded up to two decimal points. The Triangular and sawtooth
patterns do not show damage but they definitely shows the path
of the stress flow from top the surface to the bottom surface of ma-
trix. This stress flow and path from the top te bottom of matrix is
not clearly visible for thin matrix as shown in Fig. 5. Damage pro-
gresses from the top of matrix layer to the bottom of matrix layer
following the stress path as show in Fig, Ga-d. The locations of the
maximum MAXSCRT for both triangular and sawtooth patterns are
on the surface and near 10.16 mm (0.4 in.) from the left support.
The region shows the stress concentration at the top of the matrix
and perpendicular stress path from the top of the matrix to the
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Fig. 7. Maximum Stress Criteria (MAXSCRT) in the matrix measured frotn the left
side bounidary conditions for the .72 mm (010285 in.} deformation and for the this
arrix

bottem of the matrix. This location is important because for both
thin and thick matrix the path is similar. For thin matrix. when
the cohesive damage occurred at the top of the matrix than this
perpendicular path at the end of the loading zone is followed 1o
initiate and progress of the adhesive damage at the bottom of
the matrix. For the rectangular pattern in the Fig Ge and [, this path
is not p since the coh 1 initiates and dominates
at the top of the matrix for entire duration. This stress concentra-
tien path is more visible when the deformation is ramped up like
triangular and sawtonlh pattern but not for rtctarrgular pattern
when the defi  jumps to imum i y in a very short
time. Stress distributed everily when load increase gradually with
step time like the tn, lar or the

P

3.3, Damag

and progressit

The Cohesive and the adhesive damage variations at the top of
the matrix and at the bottom of the matrix are riot clearly differen-
tiable in the diagrams as d in Figs. 5 and 6, For this
reason, the variations of MAXSCRT magnitude are presented in
Fig. 7 for the i lar and the rectangular patterns under dry
and wet conditions for the 0.72 mm (0.0285 in.) deformation and
for thin matfix, Fiz 3 presents the MAXSCRT variation for thick
matrix under dry and conditions, The x-axis is the distance mea-
sured from the left side boundary conditions on the top and the
bottom of the matrix perimeter. The x-axis is taken up to
10.13 mm (0.4 in.), because the applied deformation is up to
10.13 mm (0.40 in.) on the top of the matrix. Alsp, from the contour
diagrams, it is observed that damage initiates at about 10.13 mm
(0.4 in.) distance on the perimeter. The y-axis presents the MAX-
SCRT values for the corresponding elements. Only triangular and
rectangular patterns are selected, since triangular pattern shows
MAXSCRT value less than 1.0 and rectangular pattern shows high-

+Topof Matix-Dry = Bottom of Matrix-Dry
ATopof Matiix-Wel  Botiom of Matiix-Wet
1

0 Distifios on Perimeter
§ 05

o
0 [ 02 03 04
Distance on Perimeter ()
(a) Triangular pattern

*Topof Matrix-Dry  w Bottom of Matox-Dry
Top of Matrix-Wet  Botiom of Matrix-Wet
1
*
A‘. -
“.0 . Distiutige on Periineter
0.5 As
Ayt
ol
| &
04
01 a2 03 04
Distance of Penmeter (in)
(b) Rectangular pattern
Fig. 8. Strm(ﬂlﬂh utnvhmmmeasmcﬁrrvmﬂnkn
side b y for the 0.72 d for the thick
matrix,
est ber of el ts exposed to damage for both thin and thick

matrix. The first elements at both top and bottom locations are not
considered in the graphs, since the elements are horizontally re-
strained only at the left side and it is assumed that these elements
might influenced by boundary conditions and will not provide
accurate MAXSCRT values.

Accerding to Fig. 7a and b, it is observed that MAXSCRT value
increases gradually for the triangular pattern and abruptly for
the rectangular pattern while distance increases, This phenomenon
proves that, cohesive damage initiates rapidly while deformation
magnitudes increases abruptly, The significance of Fig. 7a is, under
both dry and wet conditions, elements at the bottom location
shows higher MAXSCRT value than top lacation, This means, cohe-
sive damage initiates at the top of the matrix but interface of the

‘two materials influences the initiation and propagation of adhesive

damage at the bottom of the matrix elements. Clearly, interface be-
tween the two materials influences to initiate adhesive damage at
the bottam of the matrix and interface is the weakest region in the
whole domain, According te Fig. 7b, for the rectangular pattern,
MAXSCRT at the bottom of the matrix is higher under wet condi-
tions than dry conditions. Again. lower stiffness and strength

‘causes higher damage under wet condition than dry condition,

Also more elements at the bottom of the matrix reach to the MAX-
SCRT value 1.0 under wet conditions than dry conditions burt all the

‘elernents at the top of the matrix reach to MAXSCRT value 1.0 un-
der dry conditions. However this scenario is not true for the thick

matrix as explained in the next sections.

The MAXSCRT value is low at both top and bottom of the matrix
according to Fig. 8a. Cohesive damage at top of the matrix under
the wet condition is higher than the dry condition. The scale of
the MAXSCRT is kept same for both cases to see the magnitude
variations for triangular and rectangular patterns. As seen in
Fig. 8b, more locations are exposed to cohesive damage under

‘wel condition than dry condition. MAXSCRT value at the bottom
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of the matrix is very low so the adhesive damage is not initiated
yet. Clearly thick matrix helps to prevent adhesive damage but
not cohesive damage for both lower and higher deformations. This
alsu proves ¢ that mheswe damage initiates and progresses due to

and i ity patterns but
adhesive damage imﬂatzs and progresses due to weak interface
berween the rwo elements. Also, the wet condition shows higher
cohesive and adhesive damage due to lower stiffness and strength
comparing dry condition.

34. Srrength degradation of damaged elemenis

It is defined that, when the MAXSCRT value reaches to 1.0 for an
element, that element is considered as damaged and unable to car-
ry any stress upon deformation. This phenomenon is called
Strength Degradation (SDEG) for that particular element. The SDEG
of a material is a scalar value varies from zero to one but only
clearly visible in the FEM model when the value is one. Progression
of damage can also be clearly observed by plotting SDEG of the
matrix material. Fig. 9 shows the SDEG value for the rectangular
pattern load under dry and wet conditions. The major similarity
between the MAXSCRT contour and the SDEG contour is that, SDEG
contour only shows 1.0 where MAXSCRT value is aiso 1.0 The
SDEG contour helps to differentiate and identify cohesive and
adhesive damage clearly and later on based on SDEG contour,
quantifications of the adhesive and cohesive damage are
performed. Explanations of initiation and progression of damage
are given in the previous sections.

In Fig. 9 the SDEG are presented for thin matrix and for both
0,72 mm (0,0285in.) and 1.45 mm {0,057 in.) deformation load.
The red color indicates strength degradation in' the matrix ele-
ments and the blue color indicates no degradation of strength in
the matrix elements, Cohesive damage observed for the 0.72 mm
(0.0285 i) deformation load under the dry condition as shown
in Fig. 9a. Both cohesive and adhesive damage observed for the
0.72. mm (0.02851n.) deformation load under the wet condition
as shown in Fig. 9b. Both cohesive and adhesive damage observed
for the 1.45 mm deformation load under dry and wet conditions,
but cohesive damage is significantly higher under wet condition
as shown in Fig. 9d. Dry sample shows cohesive damage under
0.72 mm (0.0285in.) deformation but exposed to both cohesive
and adhesive damage under 1.45mm (0,057 in.) deformation.
Wer sample shows both cohesive and adhesive damage under
0.72mm (0.0285 in.) deformation but adhesive damage extends
under 1.45 mm (0.057 in.) deformation.

Fig. 10 shows SDEG for the thick matrix for the rectangular pat-
tern and for both 0.72 mm (0.0285 in.) and 1.45mm (0.057in.)
deformation load. Damage due to the rectangle intensity pattern

and Buliding Materials 49 (2013) 536-546
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(a) Dry-Rectangle (b) Wet-Rectangle
(i) 0.72 mm (0.0285in.) Deformation

(©) Dry-iccmngh:
(ii) 1.45 mm (0.057 in.) Deformation

(d) Wet-Rectangle

Fig. 9. Strength Degradation [SDEG) of ‘mateix undet dry and wet conditions for
145 mm (0,057 in,) deformation and for thin matrix.

at the top of the matrix reached to MAXSCRT value 1.0 when defor-
mation vaiue increases.

3.5, Quantifying damaged areas in thin and thick matrix
The MAXSCRT contour provides locations of damaged and

undamaged matrix e!ements; the SDEG contour provides specific
location of d d matrix. In order to measure severity of dam-

is presented because MAXSCRT value due to the tri lar and
sawtooth patterns are relatively srnall. One zoomed in section at
damaged location is presented for each condition to visualize the

age under the dry md ‘the wet condition it is necessary to quantify
and sep it inte the adhesive and cohesive damage.

SDEG contour plots more clearly. Damage initiation and propaga-
tion is observed in the thick matrix. The SDEG value ranges from
0.0 to 1.0 for all cases. It is observed that damage initiations are
similar between thin and thick matiix. Maximum cohesive damage
is observed at the surface of matrix and at the end of loading zone
for both dry and wet conditions and for two different deformation
magnitudes, Thick matrix shows cohesive damage and no adhesive
damage is observed for any intensity pattern and deformation,
since thicker matrix sustains more deformation than thinner ma-
trix and transfer less stresses to the weaker interface region. It is
also observed that damage is more under the wet conditions than
the dry conditions since wet matrix has lower strength and stiff-
ness than ‘dry matrix. In addition, cohesive d.

on top of both dry and wet conditions as defonmnon m:reases
from 0.72 mm (0.0285 in.) to 1.45 mm (0.057 in.). More elements

The damaged areas are quantified by measuring the matrix area
that is exposed to ¢ tve and ive damage. The SDEG con-
tour plots are selected to quantify adhesive and cohesive damage.
The aréa of single element for both thin and thick matrix is
0.065 square mm (0.0001 square in.). Number of damaged ele-
ments are counted and multiplied by the area of the element to
determine damaged area, Total undamaged area of thin matrix is
15.48 square mm (0.024 square in.) and thick matrix is
39.35 square mm (0.061 square in.). It can be noted that thin ma-
trix is divided into 4 equal layers of which top three layers are used
in the cohesive damage calculations and the bottom single layer
that interfaces with aggregate surface is consideréd for the adhe-
sive damaged area calculation. The percentages of damaged to
undamaged areas are calculated. It is observed that cohesive dam-
age initiate at the top layer of matrix and then progress at the hot-
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Fig. 10. Strength Degradation (SDEG) in the thick matrix under dry and wet
conditions.

tom of matrix and initiates adhesive damage and keep progressing
from the bottom of matrix as cohesive damage into the matrix.

A summary of adhesive and cohesive damaged matrix area are
given in Table 4. According to the table total 13.3% of the matrix
area is damaged under dry condition; among this 12.47% area
shows cohesive damage and 0.83% dry matrix area shows adhesive
damage. 29.6% of the matrix area is damaged under wet condition;
among this 19.18% area shows cohesive damage and 10.42% area
shows adh d When def increases from
0.72 mm (0.0285 in.) 1o 1 45 mim (0.057 in.), then total 29.60% of
matrix area is damaged under dry condition; among this 15.85%
area shows cohesive damage and 13.75% area shows adhesive
damage. On the other hand, total 46,15% of matrix area damaged

ind Billditng M

ials 49 (2013) 536-546 545

under wet conditions; ameng that 30.30% area shows cohesive
damage but 16.67% area shows adhesive damage. Thick matrix
shows significantly low cohesive damage than thin matrix and
no adhesive damaged area is observed. Total 4.1% area is cohesive
damaged under dry condition, while 4.8% is damaged under wet
condition. When deformation increases, 5.6% of matrix area shows
cohesive damage comparing to 6.1% area under wet condition.
Adhesive damage increases significantly under the dry and wet
conditions. while deformation increases from 0.72mm
(0.0285 in.) to. 1.45 mm (0.057 m.} Fur thin matrix and higher
deformation, both adhesive and coh d seem vulnerable;
on the other hand, cohesive damage is sensitive to both lower mag-
nitude loads.

4. Conclusions
Based on the above results the following conclusions are done,

{1} Top surface of the matrix showed cohesive damage and
cohesive damage is higher under wet condition than dry
condition. Matrix material near the interface region shows
adhesive d and achesive damage is higher under
wet condition than dry condition. Adhesive damage is the
driving factor for pavement degradation and measure needs
to be taken to reduce adhesive damage as well as cohesive

damage in AC.
{2) Upon deformation. cohesive damage initiates at the top of
matrix and then damage propag towards the b of

matrix and matrix-aggregate interface and initiates adhesive
damage. Adhesive damage is significantly higher under the
wet condition and for the rectangular pattern. This finding
-also supports the previous conclusion regarding adhesive
damage, which is critical for ultimate degradation of AC.

(3) Interface region is weakest considering the whole domain.
The weakest interface is also a reason for higher adhesive
damage in AC. The commonly used additives used to prevent
moisture damage in AC, such as lime, are needed to evaluate
more to strengthen the interface between aggregate and
matrix material.

{4) Only cohesive damage is observed in thick matrix but both
cohesive and adhesive damage are abserved in thin matrix.
Higher matrix thickness improved deformation carrying
capaciry and mnsrerred less stresses to the interface, so
no near i In g 1, interface
between the two materials need to be improved to reduce
the adhesive damage and improve the overall performance
of AC. An optimum asphalt content should be determitied
that will reduce adhesive damage at the interface by provid-
ing thicker matrix coating on coarse aggregate. Also. pre-
coated aggregate might reduce adhesive damage and more
studies are required in this area.

(5) The worst damage scenario observed for thin matrix with
1.27 mm (0.057 in.) deformation; about 16.67% and 3030%
matrix exhibits adhesive and cohesive damage respectively

Table 4
Adhesive and cohesive damaged matrix area far rectangular intensity pattern load.
Deformation magnitude Damage type Thin matrix Thick matrix
Pry (%) Wet (£) Dry (%) Wer (%)
0.508 mm (0.0285 in.) Cohesive damage 1247 19,18 41 48
Adhesive damage 0g3 1042 = <
127 mm (0,057 i) Cohesive damage 1585 3030 56 6.1
Adhesive damage 1375 16.67 - p
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under wet condition. On the ather hand, 13.75% and 15.85%
matrix material exhibits adhesive and cohesive damage
respectively under dry condition.
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