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ABSTRACT

ADHESION OF ASPHALT MIXTURES

Adhesion is defined as the molecular force of attraction in the area of contact
between unlike bodies of adhesive materials and substrates that acts to hold
the bodies together. In the context of asphalt mixtures, adhesion is used to
refer to the amount of energy required to break the adhesive bond between
bitumen (bitumen-filler mastic) and aggregates. Thus, adhesive failure can be
considered as displacement of bitumen (bitumen-filler) mastic from aggregates
surface, which might indicates low magnitude of adhesive bond strength.
Adhesion is considered as one of the main fundamental properties of asphalt
mixtures, which can be correlated with quality, performance and serviceability.
However, despite its significance, research on adhesion of asphalt mixtures is
limited and yet there is no established testing technique and procedure that
can be used to quantify the adhesive bond strength between bitumen
(bitumen-filler mastic) and aggregates. Only in the past few years, some
efforts have been conducted in developing testing techniques and procedures
for measuring the adhesive bond strength of bitumen and aggregates.
However, the developed testing techniques and procedures have not enjoyed
universal success and acceptance, and not yet established. Hence, emphasis
of this study is focused on the development of laboratory adhesion test
method that can be used to directly measure the adhesive bond strength
between bitumen (bitumen-filler mastic) and aggregates. Also, adhesive bond
strength and failure characteristics of various combinations of asphalt mixture
materials over wide ranges of testing conditions were evaluated in order to
validate the reliability and efficiency of the developed laboratory adhesion test

method.



This study was divided into three parts. In Part 1, a detailed review of literature
on various testing techniques and procedures used to measure the adhesive
bond strength in numerous areas of scientific literature and international
standards was performed, in order to assess and thus to propose the most
suitable and realistic approach for development of laboratory adhesion test
method for asphalt mixtures. In Part 2, the proposed adhesion test method
was subjected to evaluation, mainly based on trial and error experimental
approach, in order to adapt and thus to develop the criteria and procedures for
test setup and apparatus, specimen preparation, testing and data analysis.
The established criteria and procedures were then used for detailed evaluation
in Part 3, in order to quantify the test results of various combinations of asphalt
mixture materials (i.e. bitumen (bitumen-filler mastic) and aggregates) over
wide ranges of thicknesses of adhesive layer of bitumen, aspect ratio of
specimens, testing conditions (i.e. deformation rates and test temperatures)
and conditioning procedures (dry and wet conditionings). Results of the study
were subjected to comparative analysis in order to determine the effect of
various variables and parameters on the test results, to propose suitable
testing conditions and to validate the reliability and efficiency of the laboratory
adhesion test method. Upon completion of the study, a draft protocol was
developed as guiding principles in conducting the laboratory adhesion test

method.
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CHAPTER 1 INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1 General Background

Asphalt mixtures are a combination of aggregates, bituminous binder (or
simply known as bitumen) and filler, mixed in a predetermined ratio in order to
result in flexible pavements. Sometimes additives such as rubbers and fibres
are used to improve the performance of the asphalt mixtures. Majority of roads
in the Great Britain and also throughout the world are comprised of flexible
pavements. Different ratios of aggregates, bitumen and filler (as well as the
small proportion of air) give rise to different types of flexible pavements.
Although different types of flexible pavements have different properties and
serve different purposes based on the traffic level, climate, soil characteristics
and other factors, all are designed and constructed to meet the demands for
the following qualities; able to resist deformation, cracking and water or
moisture damage, and be durable over time. However, despite the efficiency
in designing and constructing to meet the demands for the aforementioned
qualities, the combined effects of massive traffic growth and higher axle loads,
together with environmental and ageing effects tend to lead to the rapid

deterioration of the flexible pavements.

Environmental factors related to water or moisture are seen to be one of the
significant factors that adversely affect the quality, performance and
serviceability of the asphalt mixtures. The presence of water or moisture in the
pavement structure and the detrimental effects that water or moisture has on

the properties of the asphalt mixtures, commonly known as moisture damage,
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can contribute to variety of pavement distresses including stripping, ravelling,
fatigue cracking and rutting. Moisture damage can be defined as the loss of
strength and durability of the asphalt mixtures due to the presence of water or
moisture in the pavement structure. Moisture damage is an extremely
complicated mode of distress and can shows itself in various forms such as
adhesive failure between bitumen (bitumen-filler mastic) and aggregates,
cohesive failure within bitumen (bitumen-filler mastic), cohesive failure within
aggregates and/or freezing of entrapped water or moisture in the pavement
structure (Asphalt Institute 2007; Kim & Coree 2005). However, the most
common forms of moisture damage are due to the adhesive failure (loss of
adhesion) between bitumen (bitumen-filler mastic) and aggregates, which is
the most prevalent form and the cohesive failure (loss of cohesion) within
bitumen (bitumen-filler mastic) (Kanitpong & Bahia 2003; Kim & Coree 2005;

Solaimanian et al. 2007).

Adhesion can be defined as the molecular force of attraction in the area of
contact between unlike bodies (i.e. adhesive and substrates) that acts to hold
the bodies together (Copeland 2007). By contrast, cohesion is the
intermolecular force developed within the same body (i.e. adhesive or
substrates) that forms the body. Figure 1.1 illustrates the adhesion and
cohesion present between adhesive and substrates, and within adhesive

respectively.
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Figure 1.1 Adhesion and cohesion present between adhesive and
substrates, and within adhesive (Source: Adhesive.org 2010)

Adhesive is a substance which when applied to surface of materials, capable
of joining the materials and resists separation. The materials being joined are
commonly known as adherends or substrates. The latter term (i.e. substrates)
will be used throughout the thesis. In the thesis, adhesive and substrates are
used to refer to bitumen (bitumen-filler mastic) and aggregates respectively. In
the context of asphalt mixtures, adhesion may be used to refer to the amount
of energy required to break the adhesive bond between bitumen (bitumen-filler

mastic) and aggregates (Kanitpong & Bahia 2003).

Based on the study conducted by Fromm (1974), moisture damage is mainly
characterised by the adhesive failure between bitumen (bitumen-filler mastic)
and aggregates. Adhesive failure is primarily a result when bitumen (bitumen-
filler mastic) coatings the aggregates is displaced by water or moisture, and a
phenomenon referred to as stripping becomes visible in the asphalt mixtures.
Water or moisture penetrates between the bitumen (bitumen-filler mastic) films
and aggregates surface, breaks the adhesive bond and strips the bitumen
(bitumen-filler mastic) from the aggregates surface due to higher affinity of

some aggregates to water or moisture than to the bitumen (bitumen-filler



CHAPTER 1 INTRODUCTION

mastic). Stripping is a complex phenomenon involving physical and chemical
properties of the asphalt mixtures such as chemical composition of bitumen
(bitumen-filler mastic) and aggregates, aggregates mineralogy and surface

characteristics, and compositional characteristics and quantity of filler.

1.2 Problem Statement

Over the years, moisture damage has been recognised as a primary cause for
pavement distresses. Based on the literature review and analysis of the past
studies, moisture damage is mainly characterised by the adhesive failure
between bitumen (bitumen-filler mastic) and aggregates (Fromm 1974;
Kennedy et al. 1982; Majidzadeh & Brovold 1968; Tunnicliff & Root 1982).
Hence, adhesion between bitumen (bitumen-filler mastic) and aggregates can
be considered as one of the main fundamental properties, which can be
correlated with the quality, performance and serviceability of the flexible
pavements. However, despite its significance, research on the adhesion of the

asphalt mixtures especially in correlation with moisture damage, is limited.

Attempts to place adhesion of the asphalt mixtures on a quantitative basis for
measuring moisture damage performance have not been too successful.
Currently available moisture damage performance tests such as Boiling Water
test (ASTM D3625) and Modified Lottman test (AASHTO T283) only rely on
the basis of comparative evaluation of mechanical properties (strength and/or
modulus) of unconditioned and moisture conditioned specimens. Although this
approach is helpful in terms of the comparative analysis of moisture
susceptibility of various asphalt mixtures, the results cannot be used to
distinguish the actual mechanisms that contribute to the moisture damage and

none has been successfully correlated with the field performance data. Hence,
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it remains a challenge to asphalt pavement industries to develop an improved
method for moisture damage performance based on the fundamental
assessment of moisture damage mechanisms, especially in terms of the

adhesion of the asphalt mixtures.

Adhesion and adhesive bond strength are the most important fundamental
properties for surface coatings. The science and technology of adhesion and
adhesive bond strength has formed a large amount of testing techniques and
procedures used to measure the adhesive bond strength of coatings of
composite materials such as plastic, metals and glasses. Among the most
commonly used testing techniques and procedures are peel test, pull off test,
double cantilever beam (DCB) test and tapered double cantilever beam
(TDCB) test. However, in the pavement related areas, there are only few
testing techniques and procedures known to be used for measuring the
adhesive bond strength of coatings of asphalt mixtures and most of the testing
techniques and procedures are used to measure the adhesive bond strength
of tack coat, either in the laboratory or in the field. Tack coat is a thin
bituminous layer applied between the existing pavements and the newly
constructed pavements in order to promote bonding. The testing techniques
and procedures used to measure the adhesive bond strength of tack coat is
conducted by measuring the interaction between the thin bituminous layer and
the asphalt mixtures of the existing pavement as a whole, rather than the
interaction between components of the asphalt mixtures (i.e. bitumen
(bitumen-filler mastic) and aggregates). Only in the past few years, have there
been some efforts in developing testing techniques and procedures that can
be used to directly measure the adhesive bond strength between components
of the asphalt mixtures (i.e. bitumen and aggregates), such as published by

Copeland (2007), Kanitpong and Bahia (2003), Kanitpong and Bahia (2004)



CHAPTER 1 INTRODUCTION

and Kanitpong and Bahia (2005). However, the developed testing techniques
and procedures have not enjoyed universal success and acceptance, and not
yet established due to poor repeatability of the test results and limitations in
terms of the applicability to measure the adhesive bond strength for wide
ranges of asphalt mixture materials under various testing conditions (various
conditioning procedures (dry and wet conditionings), deformation rates and
test temperatures). Studies conducted by Copeland (2007), Kanitpong and
Bahia (2003), Kanitpong and Bahia (2004) and Kanitpong and Bahia (2005)

are still being carried out in order to improve the method.

Also, there is no published research in the pavement related areas that had
determined the effect of different types of filler (i.e. bitumen-filler mastic) on
the adhesive bond strength and failure characteristics of asphalt mixtures.
Filler is a fine dust (aggregates particles less than 75 um), used to harden the
bitumen and improve the adhesion of the bitumen to the aggregates. Studies
conducted by Copeland (2007), Kanitpong and Bahia (2003), Kanitpong and
Bahia (2004), Kanitpong and Bahia (2005) and Marek and Herrin (1968) have
only used pure bitumen (i.e. without filler) as adhesive materials for the
purpose of simplification in the first step to gain basic knowledge of the

adhesive bond strength and failure characteristics of asphalt mixtures.

Since adhesion between bitumen (bitumen-filler mastic) and aggregates is
considered as one of the main fundamental properties of the asphalt mixtures
and yet there is no established testing techniques and procedures that can be
used to quantify the adhesive bond strength between bitumen (bitumen-filler
mastic) and aggregates, research in this area is crucial and evidently needed.
The emphasis of this study is focused on the development of laboratory

adhesion test method that can be used to directly measure the adhesive bond
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strength between bitumen (bitumen-filler mastic) and aggregates. Previous
studies on adhesion between bitumen and aggregates such as being
conducted by Copeland (2007) and Kanitpong and Bahia (2005) will be
referred throughout this study as guiding principle in developing criteria and

procedures for the proposed adhesion test method.

1.3 Objective of Study

The main objective of this study was to develop and establish a simple,
practical and reliable monotonically-loaded laboratory adhesion test method
for direct measurement of the adhesive bond strength of bitumen (bitumen-
filler mastic) and aggregates, and thus to quantify the adhesive bond strength
and failure characteristics of various combinations of asphalt mixture materials
over wide ranges of testing conditions. The specific objectives that need to be

undertaken to achieve the main objective are as follows.

1. To conduct a comprehensive literature review on various testing
techniques and procedures used to measure the adhesive bond strength

in numerous areas of scientific literature and international standards.

2. To propose the most suitable and realistic approach among the various
testing techniques and procedures for development of laboratory

adhesion test method.

3. To adapt and establish the criteria and procedures for the proposed
adhesion test method in order to suit the asphalt mixtures, in terms of
test setup and apparatus, specimen preparation, testing and data

analysis.
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4.

1.4

To evaluate the uniformity and repeatability of the test results in terms of
thickness of adhesive layer of bitumen, total percentage area of
adhesive failure, maximum tensile bond strength and tensile energy
required to produce failure per unit volume, in order to validate the

established criteria and procedures.

To further evaluate the established criteria and procedures in quantifying
the test results of various combinations of asphalt mixture materials (i.e.
bitumen (bitumen-filler mastic) and aggregates) over wide ranges of
thicknesses of adhesive layer of bitumen, aspect ratio of specimens,
testing conditions (i.e. deformation rates and test temperatures) and

conditioning procedures (dry and wet conditionings).

To develop a draft protocol as guiding principles in conducting the

laboratory adhesion test method.

Scope of Study

This study was divided into three parts based on the specific objectives and is

outlined as follows.

Part 1: Selection and Justification of the Proposed Adhesion Test

Method

A detailed review of literature on various testing techniques and
procedures used to measure the adhesive bond strength in numerous
areas of scientific literature and international standards was assessed in

order to propose the most suitable and realistic approach for
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development of laboratory adhesion test method for measuring the
adhesive bond strength of bitumen (bitumen-filler mastic) and
aggregates (i.e. Objectives 1 and 2). Among the testing techniques and
procedures that have been taken into consideration are peel test, pull off
test and double cantilever beam (DCB) test. The right selection of the
approach is regarded as highly important as it will become the key
success for this study. At the end of this part, a general concept for the

proposed adhesion test method was developed.

2. Part 2: Development of Criteria and Procedures for the Proposed

Adhesion Test Method

In this part, the general concept for the proposed adhesion test method
from the previous part was subjected to evaluation, mainly based on the
trial and error experimental approach, in order to adapt and thus to
establish the criteria and procedures for test setup and apparatus,
specimen preparation, testing and data analysis (i.e. Objective 3). In
order to achieve the adhesive mode of failure, the procedures for
specimen preparation were designed so that the thickness of adhesive
layer of bitumen is uniform and as thin as possible. Development of the
test setup and apparatus and testing were conducted in order to closely
simulate the original adaptation of the proposed adhesion test method
and at the same time being compatible with asphalt mixtures. At the end
of this part, data analysis was conducted in order to evaluate the
uniformity and repeatability of the test results in terms of thickness of
adhesive layer of bitumen, total percentage area of adhesive failure,
maximum tensile bond strength and tensile energy required to produce

failure per unit volume (i.e. Objective 4). The final output for this part is
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the development and validation of the established criteria and
procedures for the proposed adhesion test method in terms of test setup

and apparatus, specimen preparation, testing and data analysis.

3. Part 3: Detailed Evaluation and Validation of the Proposed Adhesion

Test Method

This part is a continuation from the previous part where the established
criteria and procedures for test setup and apparatus, specimen
preparation, testing and data analysis were subjected to further
evaluation in quantifying the test results (i.e. thickness of adhesive layer
of bitumen, total percentage area of adhesive failure, maximum tensile
bond strength and tensile energy required to produce failure per unit
volume) of various combinations of asphalt mixture materials (i.e.
bitumen (bitumen-filler mastic) and aggregates) over wide ranges of
thicknesses of adhesive layer of bitumen, aspect ratio of specimens,
testing conditions (i.e. deformation rates and test temperatures) and
conditioning procedures (dry and wet conditionings) (i.e. Objective 5). In
order to consider wide ranges of asphalt mixture materials, at least two
types of aggregates and/or bitumen (bitumen-filler mastic) of distinct
properties that will reflect the ranges of typically used asphalt mixtures
need to be utilised. Results of the study were subjected to comparative
analysis in order to determine the effect of various variables and
parameters on the test results, to propose suitable testing conditions and
to validate the reliability and efficiency of the proposed adhesion test
method. Also, at the end of this part, a draft protocol was developed as
guiding principles in conducting the laboratory adhesion test method (i.e.

Objective 6).
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CHAPTER 2

LITERATURE REVIEW

This chapter provides background information necessary to understand the
study. It defines asphalt mixtures and moisture damage in asphalt mixtures,
and also discusses the two primary modes of failure for moisture damage,
namely adhesive and cohesive failure. This chapter also defines adhesion and
adhesive failure that occurs between bitumen (bitumen-filler mastic) and
aggregates, and discusses the theory of adhesion of asphalt mixtures. A
critical review on various testing techniques and procedures used to measure
the adhesive bond strength in numerous areas of scientific literature and
international standards is presented, in order to assess and propose a suitable
and realistic approach in developing laboratory adhesion test method for
measuring the adhesive bond strength of bitumen (bitumen-filler mastic) and
aggregates. Also, at the end of the chapter, previous studies on tensile
behaviour and failure characteristics of asphalt mixtures such as being
conducted by Copeland (2007) and Marek and Herrin (1968) are reviewed, in
order to provide some guidelines for development of criteria and procedures

for the proposed adhesion test method.

2.1 General Background

Great Britain, which has a total land area of 227,469 km? was linked by
398,026 km of roads in 2008 (Department for Transport 2009; Infoplease
2008). Roads account for about 93% of the passenger-kilometres travelled
and about 73% of the tonne-kilometres of goods traffic. Basically, roads can

be broken down into two broad categories, namely flexible and rigid

11
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pavements. Majority of roads in the Great Britain and also throughout the

world are comprised of flexible pavements.

2.1.1  Asphalt Mixtures in General

Flexible pavements are combination of predetermined ratio of asphalt mixture
materials (i.e. aggregates, bitumen and filler), which must be able to resist
deformation, cracking and water or moisture damage, be durable over time
and yet be inexpensive and easy to construct. Sometime additives such as
rubbers and fibres are used to improve the performance. Properties and
interactions of the asphalt mixture materials will determine the quality,

performance and serviceability of the resulting flexible pavements.

Aggregates are crushed stone, sand and fines, mixed in a predetermined
proportion to provide strong structural skeleton and mechanical strength for
the asphalt mixtures. Aggregates constitute about 92% to 96% by mass of the
asphalt mixtures, and hence play an important part in the quality and
performance of the flexible pavements (Kandhal et al. 1997). Physical
properties of the aggregates are the most readily apparent properties and
have the most direct effect on the aggregates performance as asphalt mixture
materials. The commonly measured physical properties of the aggregates are
resistance to crushing, impact, abrasion, polishing and stripping, specific
gravity, water absorption, particle shape and texture, and gradation. Table 2.1
provides general guidelines for the selection of the aggregates as asphalt
mixture materials based on the types of the aggregates. Also, chemical
properties of the aggregates play an equally important role in determining how
well the interaction between components of the asphalt mixtures (i.e. bitumen

(bitumen-filler mastic) and aggregates). Physical and chemical properties of

12
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the aggregates can change over time, and hence make it difficult to accurately

predict the aggregates performance.

Table 2.1 General guidelines for the selection of the aggregates (Source:
Cordon 1979)

Resistance to
Types of Types of Crushing, Resistance to Particle Particle
Rocks Aggregates Impact and Stripping1 2 Texture Shape
Abrasion

Granite Fair Fair Fair Fair

Syenite Good Fair Fair Fair

Diorite Good Fair Fair Good

Igneous

Basalt Good Good Good Good

Diabase Good Good Good Good

Gabbro Good Good Good Good

Limestone Poor Good Good Fair
. Sandstone Fair Good Good Good

Sedimentary -

Chert Good Fair Poor Good

Shale Poor Poor Fair Fair
Gneiss Fair Fair Good Good

Schist Fair Fair Good Fair

. Slate Good Fair Fair Fair

Metamorphic - -

Quartzite Good Fair Good Good

Marble Poor Good Fair Fair

Serpentine Good Fair Fair Fair

Notes: 1Hydrophilic (attract water) aggregates are more likely to strip; 2Freshly crushed aggregates with
many broken ionic bonds are more likely to strip

Bitumen is a complex hydrocarbon, found as natural deposit or residue from
distilling crude oil. Bitumen acts as waterproof, thermoplastic and viscoelastic
binder that acts to hold together the aggregates particles in the asphalt
mixtures. Although the proportion of the bitumen in the asphalt mixtures is
much less than that of the aggregates (i.e. up to a minimum of 4% by mass of
the asphalt mixtures), the quantity and quality of the bitumen both have a
marked effect on the performance of the flexible pavements (Wignall et al.
1991). Physical properties of the bitumen can be measured using various
testing techniques and procedures such as penetration test, softening point
test and ductility test. In terms of the chemical properties of the bitumen, there

is limited knowledge to adequately predict the performance.

13
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Filler is a fine dust (aggregates particles less than 75 ym), used to harden the
bitumen and improve the adhesion of the bitumen to the aggregates. Although
bitumen constitutes the binder part of the asphalt mixtures, it is the
combination of bitumen and filler known as bitumen-filler mastic that coats the

aggregates and can therefore be considered as the true binder.

By weight, aggregates and filler generally account for between 92% and 96%
of the asphalt mixtures, while bitumen accounts for about 4% to 8%. Different
ratios of aggregates, bitumen and filler (as well as the small proportion of air)
give rise to different types of asphalt mixtures of different properties and serve
different purposes. However, of all types of the asphalt mixtures, there is one
common problem influencing the performance and serviceability, namely as

moisture damage.

2.1.2 Definition of Moisture Damage and Moisture Damage

Mechanisms

Moisture damage is an extremely complicated mode of distress and
represents a conditioning process due to the presence of water or moisture in
the pavement structure. The interaction of water or moisture with bitumen
(bitumen-filler mastic) and aggregates can result in loss of structural strength
and stiffness of the asphalt mixtures. The consequences initially in the form of
stripping, ravelling, surface wear, rutting and fatigue cracking, if unattended to,
would lead to serious and irreparable damage, and will cause the pavements
to lose serviceability earlier than expected. Although the occurrence of the
pavement distresses is not necessarily initiated by the presence of water or

moisture, multiple forms of pavement distress mechanisms could increase
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their extent and severity due to the presence of water or moisture (Miller &

Bellinger 2003).

Moisture damage can show itself in various forms such as adhesive failure
between bitumen (bitumen-filler mastic) and aggregates, cohesive failure
within bitumen (bitumen-filler mastic), cohesive failure within aggregates
and/or freezing of entrapped water or moisture in the pavement structure
(Asphalt Institute 2007; Kim & Coree 2005). However, the most common
forms of moisture damage are due to the adhesive failure (loss of adhesion)
between bitumen (bitumen-filler mastic) and aggregates, which is the most
prevalent form and the cohesive failure (loss of cohesion) within bitumen
(bitumen-filler mastic) (Kanitpong & Bahia 2003; Kim & Coree 2005;

Solaimanian et al. 2007).

Adhesive failure (loss of adhesion) is primarily a result when bitumen
(bitumen-filler mastic) coatings the aggregates is completely displaced by
water or moistures. However, based on the study conducted by Hughes and
Maupin (1989), stain or discoloration of the aggregates surface left by the
separation of the bitumen (bitumen-filler mastic) films is still being considered
as the adhesive failure. Water or moisture penetrates between the bitumen
(bitumen-filler mastic) films and aggregates surface, breaks the adhesive bond
and strips the bitumen (bitumen-filler mastic) from the aggregates surface due
to higher affinity of some aggregates to water or moisture than to the bitumen
(bitumen-filler mastic). Pavement distress mechanisms referred to as stripping
will thus becomes visible in the asphalt mixtures, as shown in Figure 2.1
(Kandhal & Rickards 2001). Kiggundu and Roberts (1988) has defined

stripping as follows.
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"The progressive functional deterioration of asphalt mixtures due to the
loss of the adhesive bond between bitumen (bitumen-filler mastic) and

aggregates surface, principally from the action of water or moisture.”

Figure 2.1 Stripping of bitumen (bitumen-filler mastic) from aggregates
surface (Source: Kandhal & Rickards 2001)

According to Kandhal and Rickards (2001), there are four main factors that
encourage stripping; presence of water or moisture, high air voids content,
high temperature and high stress. Also, based on the studies done by
Kiggundu and Roberts (1988), Taylor and Khosla (1983) and Terrel and Al-
Swailmi (1994), there are several mechanisms for the bitumen (bitumen-filler
mastic) films to be stripped from the aggregates surface, including
detachment, displacement, spontaneous emulsification, pore pressure and

hydraulic scouring.
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1. Detachment is the microscopic separation of bitumen (bitumen-filler
mastic) films from aggregates surface due to the presence of thin films
of water or moisture without an obvious break in the bitumen (bitumen-
filler mastic) films. The thin films of water or moisture probably resulted
from either aggregates that were not completely dry or interstitial pore
water or moisture, which vaporised and condensed on the aggregates

surface (Johnson & Freeman 2002).

2. Displacement occurs when the bitumen (bitumen-filler mastic) films is
removed from the aggregates surface by water or moisture. As
compared to the detachment, displacement occurs due to the intrusion
of water or moisture into the aggregates surface through breaks of the
bitumen (bitumen-filler mastic) films. The breaks of the bitumen
(bitumen-filler mastic) films may arise from incomplete coatings of the
bitumen (bitumen-filler mastic) films on the aggregates surface or
rupture of the bitumen (bitumen-filler mastic) films at the sharp corners

or edges of the aggregates.

3.  Spontaneous emulsification can be defined as inverted emulsion of
water or moisture in bitumen phase. Based on the study conducted by
Fromm (1974), the inverted emulsion of water or moisture in bitumen
phase will cause the bituminous particles to separate from each other
(cohesive failure) and ultimately leads to the adhesive failure when the

emulsion boundary propagates to the coated aggregates surface.

4.  Water or moisture entrapped within the asphalt mixtures can lead to the
pore pressure build-up due to the repeated traffic loads, and freeze and

thaw cycles. Continuation of the process for the pore pressure build-up
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will ultimately leads to the degradation of the adhesive bond strength of
bitumen (bitumen-filler mastic) and aggregates and thus growth of the

micro-cracks in the asphalt mixtures.

5. Hydraulic scouring is caused by the occurrence of capillary tension and
compression around a moving traffic on saturated pavement surface.
Bitumen (bitumen-filler mastic) is stripped from the aggregates surface,
producing defects known as ravelling. In addition, dust is reported to mix
with water or moisture and, in the presence of traffic, can enhance the

abrasion of bitumen (bitumen-filler mastic) films from the aggregates.

Cohesive failure (loss of cohesion) refers to the failure within bitumen
(bitumen-filler mastic) itself due to the interaction with water or moisture.
Water or moisture enters the bitumen (bitumen-filler mastic) through
absorption, reducing the cohesive strength via softening and causing the
asphalt mixtures to lose stiffness and durability. Cohesive failure can be
explained using the inverted emulsion of water or moisture in the bitumen
phase. Water or moisture may behave like a solvent in the bitumen phase and

result in reduced cohesive strength and increased permanent deformation.

Based on the study conducted by Lytton et al. (2005), moisture damage could
occur due to either adhesive or cohesive failure, depending on the nature and
thickness of bitumen films coatings the aggregates. Marek and Herrin (1968)
has conducted an experimental study on the behaviour and failure
characteristics of thin films of bitumen, and a part of the study has correlated
the tensile bond strength and the types of failure with the thickness of bitumen
films. In the study, aluminium alloy has been used as substrates due to the

value of Young’s Modulus of approximately 70 GPa, which is close to the
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typical value of aggregates and also due to the corrosion resistance
properties. Using the experimental data of Marek and Herrin (1968), Lytton et
al. (2005) has used the micromechanics analysis in order to reproduce the
relationship between these parameters (i.e. tensile bond strength, types of
failure and thickness of bitumen films) as shown in Figure 2.2. For thinner
films of less than 60 ym (0.060 mm), the adhesive bond tensile strength was
found to be less than the cohesive bond tensile strength; hence adhesive
failure is expected to occur, and vice versa for thicker films (between 60 pym
(0.060 mm) and 150 ym (0.150 mm)). Based on the micromechanics analysis,
transition of the mode of failure of either adhesive or cohesive was expected

to occur at thickness of bitumen of about 60 ym (0.060 mm).
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Notes: 1. For thickness of bitumen films between 0 ym and 60 um, adhesive bond tensile strength is less
than the cohesive bond tensile strength; hence adhesive failure is expected to occur

For thickness of bitumen films between 60 um and 150 um, cohesive bond tensile strength is
less than the adhesive bond tensile strength; hence cohesive failure is expected to occur
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Conditioning Procedures: Dry conditioning at room temperature for 3 hours prior to testing
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Figure 2.2 Relationship between tensile strength and thickness of
bitumen films (Source: Lytton et al. 2005)
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Since the thickness of bitumen (bitumen-filler mastic) across the actual
pavement structure varies considerably, generally within the ranges of 15 ym
(0.015 mm) and 40 um (0.040 mm), both adhesive and cohesive failure could
occur, with one of them perhaps being dominant. However, many studies have
concluded that moisture damage of the asphalt mixtures is more the adhesive
mode of failure than the cohesive mode of failure (Fromm 1974; Kennedy et
al. 1982; Majidzadeh & Brovold 1968; Tunnicliff & Root 1982). The
emulsification of water or moisture in the bitumen (bitumen-filler mastic) will
cause the bituminous particles to separate from each other (cohesive failure)
and ultimately leads to the adhesive failure when the emulsification boundary
propagates to the coated aggregates surface. According to Terrel and Al-
Swailmi (1994), since mechanisms of the cohesive failure lead, ultimately to
the adhesive failure, the final mechanisms of adhesive failure will be reported

as the cause of moisture damage distress.

2.2 Adhesion of Asphalt Mixtures

In this section, definitions of the adhesion and adhesive failure in general and
in the context of asphalt mixtures are presented, and theory of adhesion of

asphalt mixtures is discussed.

2.21 Definition of Adhesion and Adhesive Failure

As has been stated before, adhesion can be defined as the molecular force of
attraction in the area of contact between unlike bodies (i.e. adhesive and
substrates) that acts to hold the bodies together (Copeland 2007). In the
context of asphalt mixtures, adhesion may be used to refer to the amount of

energy required to break the adhesive bond between bitumen (bitumen-filler
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mastic) and aggregates (Kanitpong & Bahia 2003). By contrast, cohesion is
the intermolecular force developed within the bitumen (bitumen-filler mastic)
that holds the molecules of the bitumen (bitumen-filler mastic), and is
influenced by viscosity. Figure 2.3 shows the adhesion and cohesion of the

bitumen (bitumen-filler mastic) and aggregates respectively.

Aggregates

Bitumen (Bitumen-filler Mastic)

Adhesion

Cohesion

Figure 2.3 Adhesion and cohesion of bitumen (bitumen-filler mastic) and
aggregates

Adhesive failure refers to the displacement of the bitumen (bitumen-filler
mastic) from the aggregates surface, which indicates low magnitude of the
adhesive bond strength. Adhesive bond strength between bitumen (bitumen-
filler mastic) and aggregates is mainly influenced by the physical and chemical
properties of the asphalt mixture materials such as chemical composition of
bitumen (bitumen-filler mastic) and aggregates, mineralogy and surface
characteristics, and compositional characteristics and quantity of filler.
Cohesive failure refers to the failure within bitumen (bitumen-filler mastic) itself
due to the low magnitude of the cohesive bond strength as compared to the
adhesive bond strength. Figure 2.4 illustrates the types of failure (i.e. adhesive

failure, cohesive failure and mixed cohesive and adhesive failure) that might
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possibly occur between bitumen (bitumen-filler mastic) and aggregates.
Failure for moisture damage of asphalt mixtures is usually neither entirely
adhesive nor entirely cohesive. The simplest and easiest method to identify

the forms of failure is via visual observation and calculation based on the

percentage area of adhesive and cohesive failure.

AGGREGATES AGGREGATES AGGREGATES AGGREGATES

AGGREGATES AGGREGATES AGGREGATES AGGREGATES

Cohesive Failure Cohesive Failure Adhesive Failure "Adhesive Failure Mixed Cohesive &
Adhesive Failure

- Aggregates "Note: Stain or discoloration of the aggregates
surface left by the separation of the bitumen

| | . | (bitumen-filler mastic) films is being considered
- Bitumen (Bitumen-filler Mastic) as adhesive failure.

Figure 2.4 Possible types of failure that might occur in asphalt mixtures

Rand (2002) has tried to quantify the adhesion of various combinations of
asphalt mixture materials (i.e. bitumen and aggregates) by performing
submerged wheel tracking test. Data of the test results in terms of the
percentage of adhesion remains on the asphalt mixtures after test is shown in
Figure 2.5. The percentage of adhesion remains on the asphalt mixtures after
test was calculated by identifying the forms of failure as either adhesive or
cohesive via visual observation. Based on the study, Rand (2002) has
concluded that the types of failure of either adhesive or cohesive were mainly
influenced by the properties of the aggregates rather than the properties of the
bitumen. Also, for hydrophobic (i.e. repulse water) aggregates such as

limestone and basalt, the effect of different types of bitumen is almost
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negligible. Based on Rand (2002), susceptibility of the asphalt mixtures to
stripping can be improved by the addition of hydrated lime as filler or
application of the modified bitumen as adhesive materials, depending on the

combination of the asphalt mixture materials.
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Figure 2.5 Percentage of adhesion remains on the asphalt mixtures after
test for various combinations of asphalt mixture materials (Source: Rand
2002)

2.2.2 Theory of Adhesion of Asphalt Mixtures

Hicks (1991) has identified four broad theories that have been developed to
explain the adhesion between bitumen and aggregates, namely as mechanical
adhesion theory, chemical reaction theory, surface energy theory and
molecular orientation theory. These theories each individually explain some

aspects of the adhesion but do not completely capture the mechanisms.
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1. Mechanical Adhesion Theory

Based on Terrel and Al-Swailmi (1994), mechanical adhesion theory has
suggested that adhesion between bitumen and aggregates is affected by
the physical properties of the aggregates such as particle size, surface
texture, angularity, porosity or absorption and surface areas. Bitumen
gets into the surface irregularities and pores of the aggregates, and
hardens, causing a mechanical interlock. In general, stronger adhesive
bond strength of bitumen and aggregates is created with rough, porous
aggregates of large surface areas. However, according to Tarrar and
Wagh (1992), aggregates having a relatively smooth surface texture are
easier to coat as compared to the rough surface texture. The presence
of water or moisture on the aggregates surface may decrease the
mechanical interlock, thus increasing the susceptibility of the asphalt
mixtures to stripping. According to Kandhal (1994), physicochemical
surface properties of the aggregates are more important for moisture-

induced stripping as compared to the properties of the bitumen.

2.  Chemical Reaction Theory

Chemical reaction theory has been generally accepted to explain the
differences in the degree of adhesion between different types of bitumen
and aggregates, in the presence of water or moisture. Aggregates may
be classified as either hydrophilic (attract water) or hydrophobic (repulse
water) as shown in Figure 2.6. The main properties of the aggregates
that determine the characteristics of either hydrophilic or hydrophobic
are surface chemistry, porosity and pore size. Hydrophilic aggregates

such as siliceous aggregates (e.g. granite) tend to strip easier than

24



CHAPTER 2 LITERATURE REVIEW

hydrophobic aggregates (e.g. limestone). Generally, a more acidic
aggregates surface is less likely to form bonds as strongly with the
bitumen and thus increase the susceptibility of the asphalt mixtures to
stripping. In other words, the pH values of the aggregates surface and
the bitumen affect the adhesive bond strength of the asphalt mixtures.
The reason for this has been attributed to different polarities of the

surface minerals in the aggregates and the bitumen.

Also, past studies have shown that the pH values of water or moisture in
the pavement structure are influenced by the aggregates surface (Huang
et al. 2000; Labib 1992; Scott 1978; Yoon & Tarrer 1988). Figure 2.7
shows the effect of different types of aggregates surface on pH values of
water or moisture under different contacting time. In the conducted
study, aggregates powders were added to the water or moisture. Based
on Figure 2.7, most of the aggregates surface tends to increase the pH
values of water or moisture as the contacting time is increased. The
increment of the pH values of water or moisture is not restricted to the
hydrophobic aggregates such as limestone, but also occurs with the
hydrophilic aggregates such as granite. Hence, the classification of the
aggregates as either hydrophilic or hydrophobic can only be used as

rough assessment rather than absolute.
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Figure 2.6 Classification of aggregates as hydrophilic and hydrophobic
(Source: Huang 2004)
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Figure 2.7 Effect of different types of aggregates surface on pH values of
water or moisture under different contacting time (Source: Yoon & Tarrer
1988)

Viscosity of the bitumen (bitumen-filer mastic) may indicate the
concentrations of the asphaltenes (polar molecules). Asphaltenes (polar
molecules) can create greater adhesion between bitumen (bitumen-filler

mastic) and aggregates due to the greater adhesion tension and
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molecular orientation adhesion. Therefore, asphalt mixtures of lower
viscosities, which may represent lower concentrations of asphaltenes
(polar molecules), are generally susceptible to moisture damage.
Individual components in the bitumen such as sulfoxides, carboxylic
acids, phenols and nitrogen bases can also affect moisture susceptibility

(Hicks 1991).

3.  Surface Energy Theory

For an effective bond, bitumen (bitumen-filler mastic) should completely
coat or wet the aggregates surface. The wetting ability of the bitumen
(bitumen-filler mastic) can be explained using surface energy theory.
Surface energy is defined as the energy needed to create a unit area of
new surface between bitumen (bitumen-filler mastic) and aggregates in
vacuum condition. Rice (1959) has suggested that when bitumen
(bitumen-filler mastic) and aggregates are brought in contact, adhesion
tension is established. However, the adhesion tension between bitumen
(bitumen-filler mastic) and aggregates is generally less than the
adhesion tension between water or moisture and aggregates. Therefore,
in the presence of water or moisture, bitumen (bitumen-filler mastic) will
tend to be displaced from the aggregates surface. This can result in poor
wetting of the aggregates surface by the bitumen (bitumen-filler mastic)

films and lead to stripping. Hicks (1991) has stated as follows.

"Water or moisture will tend to displace bitumen (bitumen-filler
mastic) at the interfaces of the bitumen (bitumen-filler mastic) and
aggregates where there is contact between water or moisture,

bitumen (bitumen-filler mastic) and aggregates."
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The adhesion tension between bitumen (bitumen-filler mastic) and
aggregates varies with the types of aggregates, roughness of the
aggregates surface and types of bitumen. Researchers at Texas A & M
University and Western Research Institute in Wyoming have conducted
research in measuring the adhesive bond strength of bitumen and
aggregates based on the thermodynamic surface free energy
characteristics of aggregates, bitumen and water (moisture) (Bhasin et

al. 2006; Cheng et al. 2002; Masad et al. 2006).

New terms, adhesive bond energy related parameters, which consist of
adhesive bond energy of aggregates and bitumen in dry condition and in
the presence of water or moisture, have been introduced. A high
magnitude of adhesive bond energy of aggregates and bitumen in dry
condition is desirable in order for asphalt mixtures to perform as durable
pavements. The adhesive bond energy of aggregates and bitumen in the
presence of water or moisture is quantified based on the amount of
reduction of surface free energy when bitumen debonds from the
aggregates surface. A high magnitude of reduction of surface free
energy of the aggregates and bitumen system would means higher
propensity for water or moisture to debonds the bitumen from the
aggregates surface and vice versa. Therefore, aggregates and bitumen
system with high magnitude of adhesive bond energy in the dry
condition and low magnitude of reduction of surface free energy in the
presence of water or moisture should has reduced potential to debonds
and therefore, will possess a greater resistance to moisture damage

(Bhasin et al. 2006). Figure 2.8 summarises the procedures employed.
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Figure 2.8 Procedures for measuring adhesive bond strength based on
thermodynamic surface free energy (Source: Bhasin et al. 2006)
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4.

2.2.3

Molecular Orientation Theory

Molecular orientation theory affirms that when bitumen (bitumen-filler
mastic) is in contact with aggregates surface, molecules of bitumen tend
to orient themselves in order to satisfy the energy demand of the
aggregates surface. Bitumen consists of a combination of non-polar
(Lifshitz-van der Waals) and polar (Lewis acid and Lewis base)

molecules. Hicks (1991) has stated as follows.

"Molecules of water are dipolar. Molecules of bitumen are
generally non-polar, although some components are polar.
Consequently, molecules of water, being more polar, may more

readily satisfy the energy demand of the aggregates surface."

Depending on the surface compositions of the aggregates, molecules of
water or moisture may preferentially satisfy the energy demand of the
aggregates surface, thus result in degradation of the adhesive bond
between bitumen (bitumen-filler mastic) and aggregates, and increase

the susceptibility of the asphalt mixtures to stripping.

Summary of Adhesion of Asphalt Mixtures

Adhesion and adhesive failure between bitumen (bitumen-filler mastic) and

aggregates is a complex phenomenon involving numerous areas of study

such as physical and chemical properties and interactions of the asphalt

mixture materials, pavement mix design and construction methods, and

diversified environmental and ageing conditions. Research on the adhesion of

the asphalt mixtures especially in correlation with moisture damage, is limited

30



CHAPTER 2 LITERATURE REVIEW

and there is no established testing techniques and procedures that can be
used to quantify the adhesive bond strength between bitumen (bitumen-filler
mastic) and aggregates. Only in the past few years, there have been some
efforts in developing testing techniques and procedures that can be used to
directly measure the adhesive bond strength between bitumen and
aggregates, such as published by Copeland (2007), Kanitpong and Bahia
(2003), Kanitpong and Bahia (2004) and Kanitpong and Bahia (2005).
However, the developed testing techniques and procedures have not enjoyed
universal success and acceptance, and not yet established due to poor
repeatability of the test results and limitations in terms of the applicability to
measure the adhesive bond strength for wide ranges of asphalt mixture
materials under various testing conditions (various conditioning procedures
(dry and wet conditionings), deformation rates and test temperatures). Since
adhesion between bitumen (bitumen-filer mastic) and aggregates is
considered as one of the main fundamental properties of the asphalt mixtures
and there are no established testing techniques and procedures that can be
used to quantify the adhesive bond strength between bitumen (bitumen-filler

mastic) and aggregates, research in this area is crucial and evidently needed.

2.3 A Review of Adhesion Test Methods

Research on the adhesion and adhesive failure has been well established for
composite materials such as plastic, metals and glasses, and a large amount
of testing techniques and procedures used to measure the adhesive bond
strength have been developed. In this section, a detailed review of literature
on various testing techniques and procedures used to measure the adhesive
bond strength which can be found in numerous areas of scientific literature

and international standards is presented, in order to propose the most suitable
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and realistic approach for development of laboratory adhesion test method for
asphalt mixtures. In following sub-section, the reviewed testing techniques and
procedures are divided into two; those performed on composite materials

other than asphalt mixtures and those performed on asphalt mixtures.

2.3.1 Adhesion Test Methods Performed on Composite Materials

Other Than Asphalt Mixtures

Adhesion is the most important property for surface coatings. The science and
technology of adhesion has formed a large amount of testing techniques and
procedures used to measure the adhesive bond strength of coatings of
composite materials. Among the most commonly used testing techniques and
procedures are peel test, pull off test, double cantilever beam (DCB) test,
tapered double cantilever beam (TDCB) test, impact wedge peel (IWP) test
and scratching of thin films test. These testing techniques and procedures
have been successfully used in measuring the adhesive bond strength of
coatings of composite materials such as plastic, metals and glasses. Adhesion
and Adhesives Research Group from Imperial College London was found to
provide a large number of references on these testing techniques and

procedures.

2.3.1.1 Peel Test

Peel test is relatively easy, inexpensive and well developed adhesion test
method, and is widely used in various engineering applications, especially in
the aerospace and automotive industries in measuring the adhesive bond
strength of bonded joints and laminates of various composite materials. The

results from the peel test which is conducted based on the Elastic-Plastic-
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Fracture-Mechanics (EPFM) approach will usually give the experienced users
a good first impression of the initial capability of new adhesive materials
(Kinloch 1987). One of the examples of the application of the peel test is in the
packaging and electronics industries where the peel test is used in assessing
the failure of flexible laminates between polymeric films and also between
polymeric films and thin metallic films (Kinloch 1997). Over the years, there
are various standards that have been developed for peel test, and numerous
modifications for the developed and established peel test have been reported
(Moore 2008). The various peel tests differ in the way that the load is applied;
however remain the same in the basic principles. Figure 2.9 shows the various
peel tests available in various engineering applications and Figure 2.10 shows
typical peel test that are commonly used. For the typical peel test that are
commonly used (i.e. Fixed Arm and T Peel), a thin flexible adhesively bonded
peel arm is pulled at a specified angle and rate from the rigid substrate as in
the Fixed Arm or from another thin flexible adhesively bonded peel arm as in

the T Peel.

1. Fixed Arm 2. T Peel 3. Wedge Peel 4. Floating Roller 5. Climbing Drum 6. Mandrel Peel

Figure 2.9 Various peel test methods (Source: Moore 2008)
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Figure 2.10 Typical peel test commonly used in various engineering
applications (Source: Hadavinia et al. 2006)

Generally, for the Fixed Arm, in order to pull the peel arm from the rigid
substrates, energy in the form of external work is required. Kinloch (1987)
shows the relationship between energy in the form of external work and

adhesive fracture energy, G¢ in the following equation.

Equation 2.1

G = 1 (dUext dUS dUdt dUdb)
¢ B\ da da da da
where:
Gec =  Adhesive fracture energy
B =  Width of the peel arm
a =  Crack length
Uext =  Energy in the form of external work
Us =  Strain energy stored in the peel arm
Ugt =  Energy dissipated during tensile deformation of the peel arm
Udb =  Energy dissipated during bending of the peel arm

In an ideal case, Kinloch (1987) has assumed that there is no tensile

deformation of the peel arm and the bending of the peel arm is elastic. Hence,

the adhesive fracture energy, G¢ can be correlated with the applied peel load

and peel angle as in the Equation 2.2.
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Equation 2.2
P
G, = E(l —cosf)

where:

Adhesive fracture energy
Applied peel load

Width of the peel arm
Peel angle

OW U O

However, if there is elastic-plastic deformation occurred in the peel arm, it is
necessary to quantify the tensile characteristics of the peel arm (i.e. tensile
strain and tensile stress), and the adhesive fracture energy, Gc can be

calculated as follows.

Equation 2.3

1 dUdb)

P &
GC=§(1+e—c039)—<hsf0ade>+(B Ia

where:

Adhesive fracture energy

Applied peel load

Width of the peel arm

Tensile strain

Peel angle

Thickness of peel arm

Tensile stress

Crack length

Energy dissipated during bending of the peel arm

(e}

2

CvQ O™ WUO

o
=

For the T Peel, adhesive fracture energy, G¢ can be measured using the

following equations (Lamut et al. 2008).

Equation 2.4
Ge = Gc(Peel arm1) T Gc(Peel Arm 2)

Equation 2.5

P
Gc(Peel Arm1) = E (1 + cos 9) - GP(Peel Arm 1)

Equation 2.6

P
Gc(Peel Arm?2) = E (1—cos®) - GP(Peel Arm 2)

where:
Ge = Adhesive fracture energy
Gp =  Plastic energy due to bending of the peel arm
P = Applied peel load
B =  Width of the peel arm
6 = Peelangle
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Generally, the peel test will reach steady state conditions only after a
considerable amount of displacement has been reached, and the steady state
applied load is often many times larger than the required load for propagation
of initial crack. Figure 2.11 shows the example of typical peel force versus
crosshead displacement for T Peel test, which had used aluminium alloy as
substrates and Bondmaster ESP110 epoxy as adhesive materials. Based on
Figure 2.11, peel force was found to fluctuate significantly during the first 40
mm of crosshead displacement before reaches steady state conditions.
However, based on Lamut et al. (2008), data of the test results of the same
substrates and adhesive materials subjected to Fixed Arm test differs
considerably from the data of the test results of T Peel test, as shown in
Figure 2.12. Propagation values of peel force, P and calculated adhesive
fracture energy, G¢ for T Peel test and Fixed Arm test were 7.43 N/mm and

1370 J/m?, and 5.00 N/mm and 922 J/m? respectively.
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Figure 2.11 Typical peel force versus crosshead displacement for T Peel
test (Source: Lamut et al. 2008)
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Notes: 1. Load is expressed as peel force in N per millimetre width
2. Substrates: Aluminium alloy

3. Adhesive Materials: Bondmaster ESP110 epoxy

4. Propagation Value of Peel Force, P is 5.00 N/mm
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Propagation Value of Adhesive Fracture Energy, G¢ is 922 Jim?

Figure 2.12 Typical peel force versus crosshead displacement for Fixed
Arm test (Source: Lamut et al. 2008)
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Results of the peel test usually reflect the stress and strain conditions of the
bonded joints or laminates failing under conditions of extensive yielding and
involve a large degree of plastic deformation of the peel arms (Cui et al. 2003).
Based on Kinloch (1987), due to the effect of the applied peel load that is tend
to place a very high stress and strain concentrations on the boundary line of
the crack front, crack will occur easily unless the bonded joints or laminates
are wide or the applied peel load is low. According to Kinloch (1997), the peel
test does not measure the fundamental aspect of adhesion (i.e. intrinsic
adhesion) between adhesive layer and substrates, even when the failure
occurs along the interfaces of the bonded joints or laminates. Nor does the
peel test directly assess the adhesive strength or toughness of the adhesive
materials. The reason for this is due to the complex deformation behaviour of
the peel test even though the testing techniques and procedures of the peel

test can be considered as one of the simplest.

Several studies have shown that the measured peel load per unit width of the
peel test does not only depends upon the degree of intrinsic adhesion and the
type of adhesive materials, but also upon various factors such as peel angle,
thickness and mechanical properties of the peel arms. Figure 2.13 shows the
effect of the peel angle on the adhesive fracture energy, G for the Fixed Arm
based on the studies conducted by three different laboratories. If the peel test
is going to be used in pavement related areas for measuring the adhesive
bond strength between bitumen (bitumen-filler mastic) and aggregates, due to
the viscoelastic properties of the bitumen (bitumen-filler mastic), the measured
peel load per unit width of the peel test will also depend upon the deformation
rates and test temperatures (Kinloch 1997). Fracture-mechanics method using

energy balance approach has been used as replacement for the Elastic-
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Plastic-Fracture-Mechanics (EPFM) approach in analysing the failure of the

bonded joints and laminates of composite materials.
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Figure 2.13 Effect of peel angle on adhesive fracture energy, G¢ for the
Fixed Arm test (Source: Moore & Williams 2001)

2.3.1.2 Pull Off Test

Pull off test is widely used for measuring the mechanical tensile strength of
paint films, varnishes, concretes and other coatings. ASTM D4541 Standard
Test Method for Pull-Off Strength of Coatings Using Portable Adhesion
Testers and BS EN ISO 4624:2003 Paints and Varnishes-Pull-Off Test for
Adhesion define the testing techniques and procedures for carrying out the
pull off test for paint films, varnishes and other coatings. BS EN 1542:1999
Products and Systems for the Protection and Repair of Concrete Structures-
Test Methods-Measurement of Bond Strength by Pull-Off specifies a method

for measuring the tensile strength of grouts, mortars, concretes and surface
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protection system (SPS) used for the protection and repair of concretes using

the pull off test.

Generally, pull off test is conducted by measuring the minimum tensile stress
necessary to detach or fracture the coatings of adhesive materials in a
direction perpendicular to the substrate(s). However, based on DFD®
Instruments (n.d.), the word perpendicular does not have a proper meaning
when testing on a curved surface of the substrate(s) and is usually used to
refer to the evenly distributed tensile stress. There are various testing
techniques and procedures used to conduct the pull off test. The most
commonly used pull off test is conducted by inserting or casting thin films of
uniform thickness of adhesive materials between two plates of rigid substrates
(infinite rigid plane and rigid disc), as shown in Figure 2.14. The bonded
assemblies are then subjected to increasing tensile stress until failure or
fracture occurs. The failure mechanisms could occur due to either adhesive
failure along the interfaces or cohesive failure through the layer of the

adhesive materials, or combination of both.

Tensile Stress

"

Rigid Disc

Adhesive
Materials
— Infinite Rigid

Plane
N

Figure 2.14 Pull off test specimen
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Based on the pull off test developed by DFD® Instruments (n.d.) which is
based on the ASTM D4541 Standard Test Method for Pull-Off Strength of
Coatings Using Portable Adhesion Testers, as shown in Figure 2.15, the
applied tensile stress must be steadily increased within the specified rate
intervals and also must be applied in the perpendicular direction to the
adhesive materials so that the applied tensile stress will be evenly distributed
throughout the coated surfaces. Otherwise, the area where the applied tensile

stress is concentrated will fracture before the maximum tensile stress has

been reached elsewhere (DFD® Instruments n.d.).

Figure 2.15 Pull off test developed by DFD® Instruments (Source: DFD®
Instruments n.d.)

According to the BS EN ISO 4624:2003 Paints and Varnishes-Pull-Off Test for
Adhesion, the minimum tensile stress required to detach or fracture the
coatings of the adhesive materials can be calculated as in Equation 2.7 and
the types of the failure which is determined via visual observation can be

tabulated as in Table 2.2.
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Equation 2.7
F
o=—
A
where:
o = Minimum tensile stress (MPa)
F = Minimum tensile load (N)
A = Area of contact (mm?)

Table 2.2 Template for calculating the types of failure via visual
observation

Abbreviation for Types of . . Percentage Area of
Failure Descriptions of Types of Failure Failure (%)1
A Cohesive failure within adhesive A%
Adhesive failure between o
AlS: adhesive and substrates 1 B%
Adhesive failure between o
A/S; adhesive and substrates 2 C%
Total Sum of All Types of Failure A+B+C=100%

Notes: 'Percentage area of failure is estimated to the nearest 10% for each types of failure

Results from the pull off test are influenced not only by the properties of the
adhesive materials and substrate(s), but also by nature and preparation of the
substrates, methods of application of the adhesive materials, temperature,
humidity and types of the testing equipments being used (British Standard
Institution 2003). Kendall (1971) has conducted a study in order to determine
the effect of area of contact and thickness of adhesive materials on the
adhesive bond strength based on the pull off test. Gelatine of thickness
between 0.04 cm and 0.48 cm was used as elastic adhesive materials and
Perspex was used as substrates. Figure 2.16 shows the relationship between
adhesion force (measured in unit of Gram-Force) and disc diameter
(measured in unit of cm?) over wide ranges of thicknesses of adhesive
materials. Based on the Figure 2.16, disc diameter, which represents the area
of contact, and thickness of adhesive materials were found to have a profound
influence on the adhesion force. The value of the adhesion force tends to

increase with the increasing value of disc diameter and decreasing thickness
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of adhesive materials. However, by re-plotting the data of Kendall (1971) in
the forms of adhesive bond strength against thickness of adhesive materials
as shown in Figure 2.17, it was found that the effect of disc diameter and
hence the effect of area of contact are almost negligible. Specimens of
different disc diameter of 14.14 mm, 17.32 mm, 20.00 mm, 24.49 mm, 28.28
mm and 31.62 mm have shown to result in approximately the same value of
adhesive bond strength, provided having the same thickness of adhesive
materials. Hence, it can be concluded that the adhesive bond strength is
mainly influenced by the thickness of adhesive materials rather than the disc

diameter or area of contact.
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Conditioning Procedures: Dry conditioning at room temperature
Testing Conditions: Deformation rate of 0.6 mm/minute at room temperature

Figure 2.16 Relationship between adhesion force, disc diameter and
thickness of adhesive materials (Source: Kendall 1971)
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Average Adhesive Bond Strength (kPa)
¢

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Thickness of Adhesive Materials (pm)

| ®14.14mm ®17.32mm A2000mm X24.49mm %2828 mm ©31.62mm |

Notes: 1. Substrates: Perspex
2. Adhesive Materials: Gelatine
3. Conditioning Procedures: Dry conditioning at room temperature
4. Testing Conditions: Deformation rate of 0.6 mm/minute at room temperature

Figure 2.17 Relationship between average adhesive bond strength,
thickness of adhesive materials and disc diameter

One of the major problems in designing the adhesion test methods based on
the pull off (tension) mode is that unless one of the substrates is highly
compliance, then even a small misalignment of the substrates will result in
cleavage stresses (Kendall 1971). However, based on the past studies, pull off
test has been found useful in comparing the adhesive properties and also
providing relative ratings of different types of adhesive materials. Pull off test
may be applied using wide ranges of substrates including metals, plastics,

woods, concretes and aggregates.
2.3.1.3 Double Cantilever Beam (DCB) Test

Double cantilever beam (DCB) test as shown in Figure 2.18 is based on the
Linear-Elastic-Fracture-Mechanics (LEFM) approach and published as ASTM
D3433-99 Standard Test Method for Fracture Strength in Cleavage of
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Adhesives in Bonded Metal Joints and BS 7991:2001 Determination of the
Mode | Adhesive Fracture Energy G of Structure Adhesives Using the
Double Cantilever Beam (DCB) and Tapered Double Cantilever Beam (TDCB)
Specimens. DCB test is widely used for the determination of the fracture
resistance of the adhesive and bonded joints of composite materials under
mode | tensile loading conditions. Mode | is an opening of the fracture
corresponding to the tensile loading, which is in the direction normal to the
fracture plane, as shown in Figure 2.19. Other modes of failure (i.e. Mode Il
and Mode Ill) correspond to the sliding or in-plane shear mode where the
fracture surfaces slide over one another in the direction normal to the crack

front, and tearing or anti plane shear mode respectively.

Substrates Adhesive

= Distance between the end of the specimen and the tip of the insert film

= Crack length distance between the load lone and the tip of the pre-crack

= Distance between the load line to the tip of the insert film

= Pre-crack length measured from the load line to the tip of the mode | pre-crack
= Width of specimen

= Thickness of the load-block

= Thickness of substrate beam at a crack length, a

= Total length of the specimen

= Distance from the centre of the loading pin to the mid-plane of the arm of the substrate beam
= Distance from the loa