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Abstract 

Moisture damage of the asphalt mixture is defined as the loss of strength, stiffness and 

durability due to the presence of moisture (in a liquid or vapour state) leading to 

adhesive failure at the aggregate-bitumen interface and/or the cohesive failure within 

the bitumen or bitumen-filler mastic. The presence of moisture can accelerate the 

distress of asphalt pavement in several different modes, such as rutting, fatigue 

cracking, thermal cracking and the formation of potholes. In the field, the moisture 

damage normally happens first at the interface of two pavement layers or at the bottom 

of pavement layers and develops gradually upward. Once moisture has come into 

contact and interacted with the asphalt mixture, moisture damage could be developed 

by the following mechanisms: detachment, displacement, spontaneous emulsification, 

pore pressure, and hydraulic scour. It should be mentioned that moisture damage is not 

limited to only one mechanism but is the result of a combination of several mechanisms.   

As mentioned previously, the common modes of moisture damage of asphalt mixtures 

are a loss of adhesion between the aggregate and bitumen and/or a loss of cohesion in 

the mixture. Among these two failures, the adhesive failure is recognised as the main 

mode of moisture damage. Hence, the physico-chemical interactions between 

aggregates and bitumen in the presence of moisture are believed to partially govern the 

moisture sensitivity of asphalt mixtures, which can also affect the serviceability, 

performance and durability of the asphalt pavement. 

This thesis describes the work that was carried out with regard to the moisture damage 

evaluation of aggregate-bitumen bonds through different procedures. The fundamental 

properties of the individual material such as the chemical composition and rheological 

properties of bitumen, moisture absorption, surface morphology and mineralogical 

composition of aggregates were first characterised. Two types of equipment, namely 

the dynamic contact angle (DCA) analyser and dynamic vapour sorption (DVS) system 

were used for determining the surface energy of the bitumen and aggregates, 

respectively. The obtained surface energy results were then combined 

thermodynamically to determine the work of adhesion between aggregate and bitumen, 

and the reduction in the adhesive properties if water is introduced into the system. 

Three established mechanical tests consisting of the standard peel test, Pneumatic 
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Adhesion Tensile Testing Instrument (PATTI) test and a pull off test were developed 

and redesigned to make sure that these tests are practical, reliable and feasible to 

measure the bonding strength of aggregate-bitumen combined specimens. The 

composite substrate peel test (CSPT) was developed to prepare composite substrates 

using crushed coarse aggregates as a more practical replacement for the aggregate 

substrates prepared from aggregate boulders. Finally, the moisture damage results from 

mechanical tests and thermodynamic results were compared and correlated with the 

basic physico-chemical properties of the original materials.  

The results showed that in the dry condition, all techniques used in this research, 

including the mechanical tests and the surface energy tests led to similar results, with 

bitumen rather than aggregates dominating the bonding properties of aggregate-bitumen 

systems. After moisture conditioning, the four mechanical tests, including standard peel 

test, CSPT, PATTI test and pull-off test showed similar moisture sensitivity ranking 

and failure surface results demonstrating the good correlation between these four tests. 

In addition, based on the comparison conducted, the four mechanical tests are all 

considered to be reliable to evaluate the moisture sensitivity of different aggregate-

bitumen systems. However, based on the aggregates considered in this research, the 

moisture sensitivity parameters obtained from the surface energy tests are suggested 

unreliable to evaluate the moisture sensitivity of aggregate-bitumen systems. 
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                  Lewis acid component  
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HWTD              Hamburg Wheel Tracking Device  

IRS                    Index of Retained Strength  

ITS                    Indirect Tensile Strength 
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LVE                  Linear Visco-Elastic  

MLA                 Mineral Liberation Analyser  

NAT                  Nottingham Asphalt Tester  

NIST                 National Institute of Standards and Technology  

NTEC               Nottingham Transportation Engineering Centre  

PATTI               Pneumatic Adhesion Tensile Testing Instrument  

PET                   Polyethylene Terephthalate  

POTS                Pull-off Tensile Strength 

PTFE                   Poly Tetra Fluoro Ethylene  

R2                      Coefficient of Determination 

SATS                Saturation Ageing Tensile Stiffness  

SD                     Standard Deviation 

SEM                  Scanning Electron Microscopy  

SHRP                Strategic Highway Research Program 

SSA                   Specific Surface Area 

T                      Absolute temperature  

TDCB               Tapered Double Cantilever Beam  

TS                     Tensile Strength 

TTSP                Time-Temperature Superposition Principle  
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UTM                 Universal Testing Machine  

Wa                  Work of Adhesion 

WAWB             Work of debonding with the presence of water 

WBA               Work of adhesion between bitumen and aggregate  

WLF                 Williams-Landel-Ferry  

ΔG                    Gibbs free energy 

ΔH                    Enthalpy  

ΔS                   Entropy 
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1. Introduction 

1.1 Background 

The total road length in the UK is estimated to be approximately 250 thousand miles 

with most of these roads being surfaced with asphalt mixtures [1]. Asphalt mixture is a 

composite material consisting of aggregates (coarse and fine), bitumen and filler, mixed 

in a predetermined ratio at high temperatures followed by compaction in order to 

produce a flexible pavement. When subjected to loading traffic, asphalt pavements 

deteriorate gradually with the passage of time because of repeated traffic loading and 

environmental attack. In England and Wales, about 2.8 billion pounds been spent every 

year by local authorities on road maintenance [2]. It is generally accepted that moisture 

damage is one of the major causes of pavement deterioration. Due to the wet climate in 

UK, distress and deterioration in a large number of pavements as a result of moisture 

damage is an indication of the significance and the severity of the problem. 

Moisture damage in asphalt pavements can generally be classified as the gradual 

deterioration of strength, stiffness and durability due to the presence of moisture in a 

liquid or vapour state. Although the moisture cannot directly disrupt the asphalt 

mixtures, its presence accelerates the distress of asphalt pavement in several different 

modes, such as rutting, fatigue cracking, thermal cracking and the formation of potholes 

[3, 4]. Recent research studies have also shown that moisture damage maybe reversible 

under certain conditions [5]. In the field, moisture damage normally happens first at the 

interface of two pavement layers or at the bottom of pavement layers and then develops 

gradually upward. In addition, it has been observed that moisture damage is more prone 

to occur in the wheel path in comparison with locations between the wheel paths or on 

the shoulder [6]. 

Moisture induced damage is a particularly complicated mode of distress and can result 

in two different forms of failure including adhesive at the aggregate-bitumen (mastic) 

interface and cohesive within the bitumen (mastic) film. The adhesion between 

aggregate and bitumen can be defined as the attraction of these two materials in the area 
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of contact due to molecular forces holding the materials together and resisting 

separation. The bitumen cohesion can be defined as the attraction within the bitumen 

film due to the intermolecular forces and is influenced by factors such as modulus and 

viscosity [7].  

Numerous testing methods have been developed for evaluating the moisture sensitivity 

of asphalt mixtures. Typically, many of these methods can be divided into two 

categories, which are tests conducted on loose coated aggregates and tests conducted on 

compacted mixtures. Tests on loose coated aggregates are normally conducted by 

immersing bitumen coated aggregates in water either at room temperature or high 

temperature for a specified period of time under static or dynamic conditions and 

finally assessing the stripping percentage of bitumen from the aggregate surface by 

visual inspection. Tests on compacted mixtures generally conditioned the samples, 

which are prepared in the laboratory or cored from existing pavements, in water to 

simulate the moisture damage process and evaluated the moisture sensitivity by 

calculating the ratio of conditioned to unconditioned strength or stiffness [8, 9].  

There are several factors which may influence the development of moisture damage or 

moisture sensitivity of an asphalt pavement, such as aggregate mineralogy, surface 

texture of aggregate, bitumen chemistry and the compatibility between bitumen and 

aggregate. In addition, factors such as permeability of the asphalt mixture, volumetric 

properties of the mixture and the ambient conditions are all important when considering 

the susceptibility of asphalt mixtures to moisture damage [10]. Based on previous 

research, moisture damage is mainly characterised as the adhesive failure between 

aggregate and bitumen or bitumen-filler (mastic) [11]. So, it has been suggested that the 

adhesion between aggregate and bitumen in the dry condition and its degradation with 

the presence of water are two main attributes which determine the moisture se nsitivity 

of pavements. The adhesion between aggregate and bitumen can be described by four 

theories which are chemical bonding theory, electrostatic theory, mechanical theory, 

and thermodynamic theory. [12].  
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1.2 Problem statement 

Moisture induced damage has been recognised as one of the major causes of distress in 

asphalt pavements since the early 1900s [13]. As mentioned previously, a common 

manifestation of moisture damage of asphalt mixtures is a loss of adhesion between the 

aggregate and bitumen and/or a loss of cohesion in the mixture. Among these two 

failures, the adhesive failure is recognised as the main mode of moisture damage. 

Hence, the physico-chemical interactions between aggregates and bitumen in the 

presence of moisture are believed to partially govern the moisture sensitivity of asphalt 

mixtures, which can also affect the serviceability, performance and durability of the 

asphalt pavement. 

To evaluate the moisture damage of adhesion between aggregates and bitumen, efforts 

have been made through the development of numerous testing methods. Based on the 

literature review, the standard tests on loose coated aggregates, such as the boiling 

water and the rolling bottle tests are considered as direct methods to assess moisture 

sensitivity by visual inspection. However, these tests only rely on a comparative 

evaluation so the results cannot be used to explain the actual mechanisms that 

contribute to moisture damage and it is hard to correlate test data with field 

performance. So, it seems important to develop testing techniques and procedures that 

can directly measure the strength of the aggregate-bitumen adhesive bonds. 

Over the past few years, several testing techniques used in other areas have been 

selected and developed to measure the adhesion between aggregate and bitumen in the 

dry condition and after moisture damage. Among the most commonly used testing 

techniques and procedures are the peel test and the pull-off test. The peel test is a 

method used to measure the adhesive fracture energy of a bonded interface of 

composite materials and has been successfully used to evaluate the moisture sensitivity 

of different aggregate-bitumen combinations. The peel test used for aggregate-bitumen 

adhesive testing requires the preparation of a large flat aggregate surface with regular 

shape. In this case, only large stone boulders could be used for the peel substrate 

preparation. In terms of the pull-off test, the tensile stress necessary to detach the 

adhesive materials in a direction perpendicular to the substrates is measured. However, 

the limitation of this test is also very obvious. Firstly, established pull-off tests typically 
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manually control the bitumen film thickness using micrometres or spacers making it 

hard to obtain the required thickness and resulting in big deviations in measured 

strength. Secondly, the bitumen film is too thick and hence cannot simulate the real 

bitumen thickness in asphalt mixtures.  

According to the literature review, a number of tests have been used to evaluate the 

moisture sensitivity of asphalt mixtures with most of these only relating moisture 

damage to mechanical deterioration. The physical and chemical properties of bitumen 

and aggregate are not explained in detail and correlated with the mechanical tests. In 

fact, the physico-chemical properties of aggregate and bitumen, such as the 

mineralogical composition of aggregates and functional groups of bitumen, play a 

fundamental role in the generation of moisture damage. The mechanisms of moisture 

damage in asphalt mixture can be better understood if the physico-chemical properties 

of the individual material (aggregate and bitumen) are linked to the mechanical distress 

of the aggregate-bitumen bond. 

1.3 Research objectives and scope 

The main aim of this research is to better understand the influence of moisture on the 

deterioration of the aggregate-bitumen interface. As mentioned before, the main causes 

of moisture damage in asphalt mixtures are related to the adhesion properties of the 

aggregate-bitumen interface and its degradation with the presence of water. In the 

presence of water, the bitumen film is removed from the aggregate surface because of 

the weak boundary between these two materials. According to the literature review, the 

physical and chemical properties of bitumen and aggregates play an important role in 

the bonding strength of the aggregate-bitumen interface. In this research, the 

fundamental properties of the individual material such as the chemical composition and 

rheological properties of bitumen, moisture absorption, surface morphology and 

mineralogical composition of the aggregates were characterised. Surface energy 

properties of different types of bitumen and aggregates were measured to calculate the 

adhesion between these two materials with and without the presence of water. The 

standard peel test was used to measure the adhesive fracture energy of aggregate-

bitumen bonds. In addition, two established mechanical tests, namely the Pneumatic 
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Adhesion Tensile Testing Instrument (PATTI) test and pull-off test were developed and 

redesigned to make sure they are practical, reliable and feasible to measure the bonding 

strength of aggregate-bitumen combined specimens. Furthermore, a composite 

substrate peel test (CSPT) was designed based on the established peel test to combine 

several coarse aggregates together and get a flat surface that can be used for the peel 

test. These four mechanical tests were used to evaluate the moisture sensitivity of 

different aggregate-bitumen systems by measuring the bond strength of aggregate-

bitumen interfaces in the dry condition and after moisture conditioning. Finally, the 

moisture damage results from mechanical tests and thermodynamic results were 

compared and correlated with the physico-chemical properties of the original materials. 

1.4 Thesis organisation 

To achieve the main aim of this research, specific objectives need to be undertaken and 

have been separated into nine chapters. 

Chapter 1 briefly introduces the background related to moisture induced damage of 

asphalt mixtures and the relative methods to evaluate the moisture damage. The 

organisation of the final thesis is also presented in this chapter. 

Chapter 2 conducts a comprehensive literature review on several aspects related to 

moisture damage of asphalt mixtures which includes moisture damage modality, 

theories of aggregate-bitumen adhesion and various testing techniques used to measure 

the moisture sensitivity of asphalt mixtures. 

Chapter 3 presents the fundamental properties of aggregates and bitumen that are used 

in this research. 

Chapter 4 provides the surface energy measurement of aggregates and bitumen carried 

out by using dynamic vapour sorption (DVS) and dynamic contact angle (DCA)  

analyser, respectively. The results in terms of surface energy parameters, work of 

adhesion and work of debonding are also presented and analysed in this chapter. 
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Chapter 5 introduces the detailed procedures of using the standard peel test to measure 

the adhesive fracture energy of aggregate-bitumen bonds. The moisture sensitivity of 

different aggregate-bitumen combinations were evaluated by using the peel test. 

Chapter 6 develops and redesigns the established Pneumatic Adhesion Tensile Testing 

Instrument (PATTI) and the pull off tests to make them more applicable to measure the 

tensile strength of aggregate-bitumen bonds. The moisture sensitivity of aggregate-

bitumen bonds are measured and compared in this chapter. 

Chapter 7 presents the development of a new procedure to prepare aggregate substrate 

by using coarse aggregates. The moisture sensitivity of aggregate-bitumen bonds were 

evaluated using the newly designed composited specimen. 

Chapter 8 compares the moisture evaluation techniques used in this research. The 

correlation between the moisture sensitivity results obtained from the different methods 

and the reliability of each test are characterised. 

Chapter 9 outlines the conclusions of this study and the recommendations for future 

work. 
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2. Literature review 

2.1 Introduction 

Asphalt mixtures are widely used as pavement construction materials. During their 

service life, asphalt pavements have to sustain high traffic loads and harsh 

environmental conditions and deteriorate with the passage of time. One of the major 

causes of distress in asphalt pavements can be considered to be moisture damage with 

about 2.8 billion pounds being spent every year on road maintenance across England 

and Wales [1]. Moisture damage in asphalt pavement is defined as the loss of strength, 

stiffness and durability because of the presence of moisture resulting in adhesive failure 

at the aggregate-bitumen interface and/or cohesive failure within the bitumen film or 

mastic [2, 3, 4]. With the presence of moisture, water may enter the aggregate-bitumen 

interface through diffusion across bitumen films, seepage into the film through micro 

voids or cracks, and through direct access in partially coated aggregates [2, 5]. It is 

noticeable that the existence of moisture may also weaken the asphalt mixture by 

emulsifying or softening the bitumen film but without removing it from aggregate 

surfaces. Also, when the moisture is removed from the asphalt mixture, the stiffness 

loss may be reversible. However, when the pavement is loaded during the weakened 

condition, the moisture damage is accelerated and may become irreversible [6]. 

Although not all damage is caused directly by moisture, its presence increases the 

extent and severity of already existing distresses like cracking, potholes and rutting [7]. 

The resistance of asphalt mixtures to moisture attack has been related to aggregate 

mineralogy, surface texture of aggregate, bitumen chemistry and the compatibility 

between bitumen and aggregate [7, 8, 9]. In addition, factors such as permeability of the 

asphalt mixtures, volumetric properties of the binder and the ambient conditions are all 

important when considering the susceptibility of asphalt mixtures [10]. 

With the view to better understanding the deterioration of asphalt mixtures when 

exposed to moisture, this chapter presents the principal findings from a review of 

selected literature that is strongly related to the current study - moisture damage of 

asphalt mixtures. The literature review begins with a general introduction about the 
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phenomenon of moisture damage on asphalt pavement and its effect on pavement 

structure. The different failure modes induced by moisture damage are introduced in 

this section. In addition, the adhesion between aggregate and bitumen and its sensitivity 

to moisture damage are explained theoretically in several different aspects. Finally, 

various means of measuring moisture damage of asphalt mixture, including tests on 

loose aggregates, tests on compacted mixtures and tests on the aggregate-bitumen 

interface, are introduced.  

2.2 Moisture damage mechanisms 

According to previous researchers [11, 12], moisture in either a liquid or vapour state 

infiltrates an asphalt mixture as well as the bitumen or mastic film and reaches the 

aggregate-bitumen interface so as to change the internal structure and finally results in 

the degradation of the mechanical properties of the material. In addition, moisture may 

also invade the asphalt mixture system by seeping through already existing cracks in 

the mixture or by diffusing outward from the aggregate pores. Once moisture has come 

into contact and interacted with the asphalt mixture, moisture damage could be 

developed by the following mechanisms: detachment, displacement, spontaneous 

emulsification, pore pressure, and hydraulic scour [7]. It should be mentioned that 

moisture damage is not limited to only one mechanism but is the result of a 

combination of several mechanisms. The detailed explanations of these five 

mechanisms are shown as follows: 

2.2.1 Detachment 

Detachment is defined as a separation of bitumen film from the aggregate surface by a 

thin film of water but without an obvious break in the film [13, 12]. This phenomenon 

could be explained by different aspects. Firstly, bitumen is hydrophobic but aggregate 

is hydrophilic, it is therefore not easy to attach to a hydrophilic aggregate surface with a 

hydrophobic bitumen. However, moisture can attach to aggregate much easier so as to 

detach the aggregate-bitumen interface.  In addition, researchers have identified that 

most bitumen has very low polar activity, therefore the interface formed between 

bitumen and aggregate is chiefly due to relatively weak nonpolar bonds [14]. On the 
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other hand, water molecules are highly polar and tend to form a strong polar bond with 

aggregate resulting in a detachment of bitumen from the aggregate-bitumen interface. 

Thirdly, studies on surface energy showed that the surface energy of bitumen is higher 

than water meaning the lower wettability of bitumen to aggregate surface in 

comparison with water [14]. Based on thermodynamic theory, water could reduce the 

free energy of the aggregate-bitumen system by replacing the bitumen film to form a 

thermodynamically stable condition. So, if moisture reaches the aggregate-bitumen 

interface, the detachment of the bitumen film from the aggregate surface is a 

spontaneous action. 

2.2.2 Displacement 

Displacement is the deterioration of detachment which involves displacement of the 

bitumen film at the aggregate surface through a break in the bitumen film. When 

moisture diffuses to the aggregate-bitumen interface, some chemical bonds previously 

formed between bitumen and aggregate break in water so as to reduce the bond strength. 

Displacement maybe developed because of the combined action of detachment and 

traffic loading. Also, when water reaches the aggregate surface, the pH of the water 

changes because of the different mineralogical compositions of aggregate. These 

changes alter the type of polar groups adsorbed, leading to the build-up of opposing, 

negatively charged, electrical double layers on the aggregate and bitumen surfaces. The 

drive to reach equilibrium attracts more water and leads to physical separation of the 

bitumen from the aggregate [15, 16]. Various factors such as the incomplete coating of 

the aggregate surface, film rupture at sharp aggregate corners or edges, pinholes 

originating in the asphalt film because of poor coating of aggregate could also lead to 

water penetration and finally result in displacement. 

2.2.3 Spontaneous Emulsification 

Spontaneous emulsification is a degradation process caused by the emulsification of the 

bitumen film in the presence of water so as to reduce the hardness of the asphalt 

mixture. This emulsion process is aggravated in mixtures containing specific clays or 

asphalt additives played as emulsifiers. Emulsification is a very slow process which 
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only occurs when bitumen films are immersed in water for a long time. In addition, the 

rate of emulsification depends on the nature of the bitumen and the presence of 

additives [17]. Kiggundu [18] demonstrated that mixture prepared with harder bitumen 

emulsified in distilled water much faster than the one with softer bitumen. Unlike the 

detachment and displacement mechanisms which result in adhesive failures, 

spontaneous emulsification leads to cohesive failures. This is because the presence of 

moisture changes the physico-chemical properties of the bitumen so as to reduce its 

cohesive strength. In the field, spontaneous emulsification failures are difficult to detect 

because no loss of bituminous coating can be observed [19]. Apeagyei et al. [20] found 

that the process is reversible as moisture conditioned asphalt mixtures that had lost up 

to 80% of their initial stiffness fully recovered upon subsequent drying. They also 

suggest that cohesive rather than adhesive failure dominates the durability of asphalt 

mixtures under long-term moisture exposure. 

2.2.4 Pore Pressure 

Pore pressure is considered to be a short-term moisture damage mechanism caused by 

the pumping action applied to the mixture due to dynamic traffic loads. When the 

macro pores and existing cracks in a pavement are saturated with water, an intense local 

water pressure region could be formed because of the dynamic traffic loads. Due to 

water being incompressible, additional stresses are developed within the material and 

result in more mechanical damage than the dry unsaturated case [21]. During this 

process, the pore pressure can cause the bitumen film to crack, which will accelerate 

the moisture diffusion towards the aggregate-bitumen interface resulting in detachment 

and displacement due to the abrasive action of water [22]. 

Bhairampally [23] demonstrated that a well-designed asphalt mixture tends to strain 

harden under repeated loading and results in the locking of the aggregate matrix caused 

by densification. In this case, water finds it hard to penetrate into the asphalt mixture 

and therefore avoids pore pressure. On the other hand, for some poorly-designed 

asphalt, micro-cracking is exhibited in the mastic under traffic loading and results in 

progressive cohesive and/or adhesive failure. The rate of this damage is accelerated in 

the presence of water as the pore pressure is developed in the micro-cracks. With a 

view to avoid pore pressure damage of asphalt pavement, the concept of pessimum air 
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voids was described by Terrel and Al-Swailmi [7] and was found to be between 8% and 

10%. Above this level the air voids are interconnected and moisture can flow out under 

a stress gradient developed by traffic loading. Below this value the air voids are 

relatively impermeable and cannot be saturated with water. In the pessimum range, 

water can enter the voids but cannot escape freely and the pore pressure builds up under 

repeated traffic loading.   

2.2.5 Hydraulic Scour 

Hydraulic scour is the washing away of the outer layers of mastic from the pavement 

surface due to the presence of water flow [24]. Stripping results from the action of tyres 

on the pavement surface where the saturation level is high and water may remain 

trapped for long periods of time. Osmosis and pull-back have been suggested as 

possible mechanisms of scour [17]. Cheng et al. [25] have demonstrated that the 

diffusion of moisture through an asphalt mixture is considerable and that pavements 

can hold large amounts of water. In addition, the presence of salts and salt solutions in 

aggregate pores causes an osmotic pressure gradient to suck water through the bitumen 

film. With the presence of water in asphalt mixtures, the cohesive and adhesive strength 

maybe reduced and finally totally stripped because of the hydraulic scour. This type of 

damage is considered to be a mechanical damage following other processes, such as 

detachment or spontaneous emulsification. The level of damage is also considered to be 

related to the water held by the mixtures. 

2.3 Adhesion of Aggregate-Bitumen Interface 

In an asphalt mixture, bitumen and aggregate stick together, and the aggregate-bitumen 

adhesion is defined at their boundaries. With the presence of moisture, asphalt mixtures 

could be damaged by several modes and generate cracks in the materials. The damage 

in asphalt mixtures can occur either within the bitumen film or at the aggregate-bitumen 

interface resulting in cohesive and adhesive failure, respectively. Normally, the 

development of cohesive failure is due to the softening of the bitumen film. Water can 

affect the bituminous cohesion through intrusion into the bitumen film or through 

saturation of the void system resulting in pavement distress [8].  Compared to cohesive 
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bonds, the adhesive bonds between bitumen and aggregate are considered to be much 

more complicated but play a more important role in moisture damage manifested as 

stripping of the bitumen from the aggregate [12]. So, it is of importance to review the 

fundamental theories and associated mechanisms of the aggregate-bitumen adhesive 

bond. Hefer et al. [26] described four theories that are often used to explain the 

aggregate-bitumen adhesion consisting chemical bonding theory, electrostatic theory, 

mechanical theory, and thermodynamic theory. The detailed explanations of these four 

theories are presented as follows: 

2.3.1 Chemical Bonding Theory 

The two main constituents of an asphalt mixture are bitumen and aggregate. The 

chemical reaction is based on the premise that acidic and basic components of both 

bitumen and aggregate react to form water- insoluble compounds that resist stripping. 

During mixing, hot bitumen with a low viscosity coats the aggregate surface and tends 

to enter any available crevice or pore. When in contact with the aggregate surface, the 

short-range chemical interactions of bitumen are feasible because of electrostatic 

interactions between the charged aggregate surface and the molecules attracted to the 

surface. It is considered that the bonds formed by chemical sorption might be useful to 

minimise the stripping potential of the aggregate-bitumen interface. But in theory, the 

chemical bonds between aggregate and bitumen are highly complex and vary among 

different systems primarily due to the complex and variable composition of the 

materials involved [27].  

After bonding has formed, the bond strength between bitumen and aggregate depends 

on the absorption of aggregate surface to bitumen functional groups, and its relative 

desorption by water. The polar molecules in bitumen exhibit specific points interacting 

with specific sites of the bulk bitumen and on the aggregate surface. At a molecular 

level, basic nitrogen compounds adhere tenaciously to aggregate surfaces and are hard 

to strip with the presence of water [28]. The double charged salts of acids, such as 

calcium salts in limestone, are resistant to the action of water. It is noticeable that not 

all aggregate-bitumen chemical bonds can sustain moisture damage. Carboxylic acids 

for example, are quite polar and adhere strongly to dry aggregate. However, the bonds 

formed with sodium and potassium can be easily removed from aggregate surface due 
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to the break of bonds with the presence of water. With a view to understand the 

reactions that might take place, the functional groups of bitumen and aggregate should 

be explained.  

2.3.1.1 Functional Groups of Bitumen 

The chemical composition of bitumen is extremely complex and it varies widely 

according to the source of the crude oil from which the bitumen originates [29]. In 

general, bitumen is mainly composed of large amount of hydrocarbons with a content 

of about 90%-95% by weight. However, the remaining atoms which contain oxygen, 

nitrogen, sulphur, nickel, vanadium and iron are considered very important to the 

interaction with aggregate and hence the performance of asphalt mixtures [30]. Figure 

2-1 shows the chemical structures of the naturally occurring functional groups of 

bitumen and those formed during oxidation [31]. It is considered that the functional 

groups which are most strongly adsorbed on aggregate surfaces, are also those 

displaced most easily by water [32]. Take carboxylic acids and sulfoxides for example, 

although the components are very small in bitumen, they account for almost half of the 

total chemical functionality in the strongly adsorbed fractions. However, water has 

stronger hydrogen bond (the electrostatic attraction between polar groups that occurs 

when a hydrogen (H) atom bound to a highly electronegative atom) with some 

aggregate surfaces compared to the carboxylic acids. This may contribute to their ease 

of displacement by water. However, poly-functional molecules which contain ketones, 

anhydrides, and nitrogen are strongly adsorbed by aggregate even with the presence of 

moisture as suggested by water displacement studies. 
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Figure 2-1 Chemical functional groups in bitumen (1) naturally occurring and (2) 

formed on oxidative aging [31] 

2.3.1.2 Functional Groups of Aggregate 

Aggregates constitute the biggest part of asphalt mixtures so have an important effect 

on the moisture damage properties. Although the aggregates are c lassified as limestone, 

granite, or basalt, each of those materials is composed of a variety of mineralogical 

compositions. The mineralogical composition of the aggregate has a much stronger 

influence on the aggregate-bitumen adhesion than the bitumen.  

Aggregate surfaces provide electrostatic and Lewis acid/basic sites for interaction with 

bitumen polar components [33]. Bonding studies have shown that adsorbing groups of 

bitumen are mainly naphthenic acids meaning they tend to form stronger bonds with 

basic aggregates. In addition, these bonds are typically formed on minerals where 

metals, such as magnesium, iron and calcium, are present. Table 2.1 shows different 

types of minerals and their relation to stripping [34]. With regard to stripping, Fe, Ca, 

Mg, and Al are generally beneficial because the bonds formed with acid polar bitumen 

are insoluble in water. However, alkali metals are detrimental due to the soluble bonds 

formed with bitumen. Based on the research from Bagampadde et al. [35], mixtures 
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with aggregates containing alkali metal elements, such as sodium and potassium, or 

aggregates with high contents of quartz and alkali feldspars are more prone to moisture 

damage. However, mixtures with aggregates containing calcium, magnesium and iron 

are found to be moisture resistant. Similar results were also found by Airey et al. [36]. 

Table 2-1 Mineral types and their relation to stripping [34] 

Category Mineral Type Rock Comment 

Silica Quartz – SiO4 

Granite 
Phyolite 

Sandstone 

Quartzite 

Poor adherence as water 
attaches due to H-bonding. 

Ferro - 

magnesian 

Olivine – (MgFe)2SiO4 
Augite - 

(Ca,Mg,Fe)(Si,Al)2O6 
Hornblende - (Ca,Na)2-

3(Mg,Fe2+,Fe3+,Al)5(Al,Si)8-

O22(OH)2 
Biotite - 

K(Mg,Fe2+)3(Al,Fe3+)-
Si3O10(OH)2 

Gabbro 

Diabase 
Andesite 

Basalt 
Diorite 
Mica 

Olivine and augite form 
insoluble Mg and Ca salts 

while biotite gives soluble K 

salt. Hornblende is 
intermediary in character. 

Limestone 

 

Calcite – CaCO3 
Dolomite - CaMg(CO3)2 

 

Limestone 
Chalk 

Dolomite 

Generally good adherence but 

are friable. Undergo strong 
acid-base and electrostatic 
interactions with bitumen. 

Some have soluble salts. 

2.3.2 Electrostatic Theory 

Solid surfaces can be characterised as electropositive or electronegative due to the 

assembly of atoms and the consequent formation of molecular dipoles. A charged 

aggregate surface attracts an oppositely charged or partially charged species of bitumen. 

The part of the attracted bitumen molecule is then available to attract other oppositely 

charged bitumen molecules through electrostatic interaction. If this build-up of 

interlinked molecules caused by induced polarisation occurs, the build-up would taper 

off rather quickly with distance from the aggregate surface due to the decreasing 

influence of the polar surface with increasing distance. During interfacial failure of the 

aggregate-bitumen system, separation of the two phases leads to an increasing potential 

difference up to a point where discharge occurs. The adhesive strength can therefore be 

attributed to the strength required to separate the charged surfaces in overcoming the 

Coulombic forces [37, 38].  
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Interactions between solid surfaces and liquid media containing dissolved ions, such as 

water, are considered important to explain moisture damage of asphalt mixtures [39, 

40]. For aggregates, most surfaces are charged in the presence of water due to the high 

dielectric constant of water making it a good solvent for ions. Ions of opposite charge, 

bind directly to the surface to neutralise the surface charge, known as the Stern Layer. 

Thermal motion prevents ions to accumulate on the surface so that a diffuse layer of 

counter- ions and co- ions is formed. As shown in Figure 2-2, the electric potential at the 

surface decreases with distance into the bulk water. The electric potential at the solid 

surface (ψ0) decrease with the distance into the bulk water.  The δ represents the 

thickness of Stern Layer. 

 

Figure 2-2 Schematic illustration of the stern layer and diffuse layer with thickness  [26].  

Based on electrostatic theory, the zeta potential which is the potential difference 

between the dispersion medium and the stationary layer of fluid attached to the 

dispersed particle has been used to analyse debonding of bitumen film from the 

aggregate in the presence of moisture [40]. Figure 2-3(a) shows the zeta potential of 

three types of bitumen on granite. It can be seen that depending on the pH value, the 

zeta potentials of bitumen and aggregate have the same polarity meaning net repulsion 

of these two materials and this results in debonding in the presence of water. However, 

the zeta potentials of bitumen and limestone aggregate tend to have opposite polarity in 

a wide range of pH values, as shown in Figure 2-3(b). In this case, adhesion between 
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bitumen and aggregate is favoured due to the net attraction between these two 

oppositely charged surfaces.  

 

Figure 2-3 Zeta potential of different types of bitumen with granite aggregate (a) and 

limestone aggregate (b) at different pH values [40] 

According to work by Yoon and Tarrer [39], with the presence of water, carboxylic 

acid (R-COOH) separates into the carboxylate anion (R-COO-) and the proton (H+). 

This causes bitumen to have a negative polarity at the surface. Solid surfaces in contact 

with water usually acquire charges through chemical reactions at the solid surface and 

adsorption of complex ions from the solution. A high pH value of water in contact with 

the mineral surface will cause the surface to be more negative charged. Aggregates with 

water present are negatively charged, and as a result, a repulsive force develops 

between the aggregate and bitumen at the interface. 
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2.3.3 Mechanical Adhesion Theory 

Mechanical adhesion theory involves the mechanical gripping of the adhesive into the 

cavities, pores and asperities of the solid surface on a macroscopic scale and it has been 

realised as the most intuitive adhesion phenomenon [37]. This theory assumes that the 

bitumen is forced into the irregularities of the aggregate surface, producing a 

mechanical interlock. Based on this theory, the aggregate-bitumen adhesion relies on 

physical aggregate properties, including surface texture, porosity or absorption, surface 

coating, surface area, and particle size [7]. It is generally accepted that aggregate with a 

porous, slightly rough surface could provide a strong mechanical interlocking to 

promote adhesion [41]. 

The influence of aggregate properties on mechanical adhesion of the aggregate-bitumen 

interface and its resistance to moisture damage has been widely analysed. Figure 2-4 

shows a summary of the effects of aggregate physical properties on the resistance and 

susceptibility to stripping [34]. According to this Figure, it is vital to maximise the 

surface area and texture of aggregate to get a strong physical bonding between bitumen 

and aggregate. A strong physical bonding could also contribute to improve the nature of 

the chemical bond between bitumen and aggregate even in the presence of water. 

 



 

21 
 

 

Figure 2-4 Summary of aggregate physical properties and how they affect stripping [34] 

In terms of angularity, aggregates with good angularity have been normally considered 

beneficial in producing a better mechanical interlock [5]. However, for more angular 

aggregate, debonding has been determined to be more severe because the angularity 

may promote the stripping between bitumen/mastic and aggregate, leaving a point of 

intrusion for the water. 

The effects of crushing of the aggregate are also very important. Tarrer and Wagh [42] 

pointed out that newly crushed aggregates tend to strip faster than stockpiled aggregates. 

They state that newly crushed aggregate surfaces can attract one or more layers of 

water molecules which strongly adsorb on the aggregate surface as a result of 

electrochemical attraction. After aging, the outermost adsorbed water molecules may 

become partially replaced or covered by organic contaminants present in air that reduce 

stripping potential. 
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2.3.4 Thermodynamic Theory 

Thermodynamic theory is based on the concept that an adhesive will adhere to a 

substrate due to established intermolecular forces at the interface provided that intimate 

contact is achieved. The magnitude of these fundamental forces can generally be related 

to thermodynamic quantities, such as surface free energies of the materials involved in 

the adhesive bond or the Gibbs free energy of the system.   

In thermodynamics, the Gibbs free energy is a thermodynamic potential that measures 

the process- initiating work obtainable from a thermodynamic system at a constant 

temperature and pressure [43]. It represents the energy change between the initial and 

final state. Such a process occurs due to an imbalance between two natural tendencies. 

The first tendency is the spontaneous conversion of potential energy into work and heat, 

known as enthalpy, and the second tendency being the spontaneous increase in 

randomness of the system, known as entropy. In order to relate enthalpy and entropy, 

the Gibbs free energy (G) is defined at constant temperature and pressure as: 

                                                                                                                  (2-1) 

where ΔG is Gibbs free energy, ΔH is Enthalpy, T is the absolute temperature and ΔS is 

Entropy. 

According to thermodynamic theory, the surface energy (  ), is the reversible work 

required to create a unit area of new surface. The work of adhesion (Wa) and the Gibbs 

free energy is equal in magnitude, but the relationship of these two parameters should 

be interpreted as follows [44]: 

                                                                                                                        (2-2) 

If the material is completely brittle, the work done on the sample is dissipated only 

through the propagation of a crack, thereby creating two new surfaces. The total work 

expended per unit of surface area in forming the two surfaces (  ) is then equal to 

twice the surface energy per unit of surface area: 

                                                                                                                           (2-3) 

or 
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                                                                                                                         (2-4) 

When two dissimilar materials form an interface, such as aggregate and bitumen, a 

tensile force can be applied to split the materials into dissimilar parts. However, 

because dissimilar materials are separated, some of the intermolecular forces present 

during intimate contact, are now missing. The interfacial energy should be accounted 

for by subtracting it from the energy done to create the two new surfaces. The 

relationship is: 

                                                                                                               (2-5) 

or, 

                                                                                                              (2-6) 

where    and    are the surface energies of the aggregate and bitumen, and     is the 

interfacial energy between the two materials in contact. A higher magnitude of work of 

adhesion indicates higher resistance of the interface to an adhesive failure [45].  

Moisture damage susceptibility of an aggregate-bitumen system can be quantified 

based on the free energy change when water displaces bitumen film from the aggregate 

surface. The work required for water to displace a unit of the interface and create a new 

unit of water-bitumen interface and water-aggregate interface is expressed by:  

                                                                                                        (2-7) 

where the subscript W corresponds to water.  

The values of      are normally negative meaning the debonding of the aggregate-

bitumen interface is a spontaneous process in the presence of water. A large magnitude 

of      implies a greater potential for water to displace the bitumen from aggregate 

[45]. Thermodynamic theory provides a well-grounded moisture damage interpretation 

[46]. It allows not only the determination of compatible combinations of aggregates and 

bitumen but also provides fundamental parameters by which to explain moisture 

damage in fracture mechanics based models [12, 47, 48]. 
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2.4 Testing methods related to moisture damage evaluation 

Since the 1930s, efforts have been made to develop tests to evaluate the water 

sensitivity of asphalt mixtures [49]. Since then, numerous testing methods have been 

developed with a view to assess the susceptibility of asphalt mixtures to moisture 

damage. Generally, many of these developed moisture damage methods can be divided 

into two categories, which are tests conducted on loose coated aggregates and tests 

subjected to compacted mixtures. Tests on loose coated aggregates normally consist of 

immersing bitumen coated aggregates in water either at room temperature or high 

temperature for a specified period of time under static or dynamic conditions and 

finally assessing the stripping percentage of bitumen from the aggregate surface by 

visual inspection. Tests on compacted mixtures generally condition samples, which are 

prepared in the laboratory or cored from existing pavements, in water to simulate the 

moisture damage process and evaluate the moisture sensitivity by calculating the ratio 

of conditioned and unconditioned strength or stiffness [50, 51]. In addition, there are 

several tests with specimens prepared by combining two flat aggregate surfaces with 

bitumen and evaluating their loss of tensile strength or fracture energy after moisture 

damage. Furthermore, other methods based on thermodynamic theory could measure 

the surface energy of bitumen and aggregate so as to evaluate moisture sensitivity of 

different aggregate-bitumen combinations by calculating the work of adhesion in dry 

conditions and work of debonding in the presence of water.  

2.4.1 Tests on loose coated aggregates 

The principle of these tests is to assess the percentage of the aggregates surface that 

have maintained their bitumen coating after immersion in water or chemical solution. 

These tests are performed under similar procedures with loose coated aggregates first 

immersed in water or chemical solution. Then immersion is carried out for specified 

time at room or elevated temperature in static, shaking or rolling conditions. Finally, 

the separation of bitumen from aggregate surface is assessed by visual inspection. 

Generally, these methods with a simple test procedure are considered easy to perform. 

However, these test rely on the basis of comparative evaluation so that the results 

cannot be used to explain the actual mechanisms that contribute to moisture damage 
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and it is hard to correlate data with field performance [52]. The laboratory based tests 

on loose coated aggregates to assess the moisture damage are presented in Table 2-2. 

Table 2-2 Detailed introduction of tests on loose coated aggregates 

Test method Extra feature Test description 

Static immersion 

test 
(AASHTO T182, 

ASTM D1664) 

Distilled water for 16-18 
hours 

Visually assess the percent of 

aggregates surface that have 
maintained their bitumen coating 

after immersion [49] 

Dynamic 
immersion test 

Distilled water for 16-18 
hours with mechanical 

agitation 

Visually assess the percent of 
aggregates surface that have 

maintained their bitumen coating 

after agitation [53] 

Chemical 

immersion test 

Solutions containing 

sodium carbonate 

Visually assess the percent of 
aggregates surface that have 

maintained their bitumen coating 
after soaking [53] 

Rolling bottle test 

(Cen prEN 12697-
11) 

Rotate at 40 rpm for three 

days 

The percentage of bitumen retained 

on aggregate surface in visually 
determined 

Boiling water test 

(ASTM D3625) 

Boiling water for 1 to 10 

minutes 

The amount of bitumen loss is 
determined by visual assessment 

[54] 

Ancona stripping 

test 

Immerse the coated 
aggregates in a beaker 

distilled water and then put 
the beaker in boiling water 

for 45 minutes 

The amount of bitumen loss is 

determined by visual assessment 
[55] 

Boiling water 

stripping test 

Boiling water 10 minutes 

followed by chemical 
attack 

The proportion of exposed 
aggregate surface is evaluated 
through a chemical attack. The 

stripping ratio is determined with 
reference to a calibration curve 

[56] 

Ultrasonic method 
Immerse in water with 

ultrasonic attack 

Measuring the ratio of stripped 
surface by weighing the stripped 
test piece or by visual assessment 

[57] 

Net adsorption test 

(SHRP, M001) 

Shaking aggregate in 
bitumen-toluene solution 

for 6 hours followed by 
adding 2ml water and 

shaking for another 8 hours 

The amount of bitumen adsorbed 
on the aggregate and desorbed 

from the coated aggregate is 
measured using a 

spectrophotometer [58] 

Modified net 

adsorption test 

Following the same test 
procedure as the net 

adsorption test 

The initial adsorption value is 
calculated by providing an 

indicator to assess the affinity and 

resistance to stripping of the 
aggregate-bitumen system [59] 
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2.4.2 Tests on compacted mixtures 

The tests on compacted mixtures generally involve the measurement of mechanical 

properties of compacted asphalt mixture before and after immersion in water and 

evaluate their changes due to the moisture damage. The compacted mixture specimens 

could be prepared in the laboratory or cored from existing pavements. Mechanical 

parameters such as indirect tensile strength or stiffness are normally used as indicators 

to assess the moisture damage [2]. The equipment used to measure the indirect tensile 

strength or stiffness of the compacted mixture is known as the Nottingham Asphalt 

Tester (NAT) and is shown in Figure 2-5. The permanent deformation (rutting) of 

asphalt mixture substrates under repeated loading is also used to evaluate the moisture 

damage. Figure 2-6 shows the Hamburg Wheel Tracking Device (HWTD) used to 

evaluate the pavement rutting development. The laboratory based tests on compacted 

mixtures to assess moisture damage are presented in Table 2-3. 

 

Figure 2-5 Test equipment for determination of indirect tensile strength or stiffness 
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Figure 2-6 Hamburg wheel tracking device for determination of permanent deformation 
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Table 2-3 Detailed introduction of tests on compacted asphalt mixtures 

Test method Extra feature Test description 

Texas freeze-

thaw 
pedestal test 

Specimens 14mm in diameter by 

19mm in height are prepared from a 
single gradation (0.5-0.85mm). The 
specimen is first cured at 23°C for 

3 days followed by thermal cycling 
of -12°C for 15hours, 23°C for 45 

minutes and 49°C for 9 hours in 
water. 

The number of thermal cycles 

recorded when crack observed. 
Moisture susceptible: thermal 

cycles < 10 
Moisture resistance: thermal 

cycles > 20 [60] 

 

Immersion 
compression 

test 
(AASHTO 

T165, ASTM 
D1075) 

The specimen is first cured at 23°C 

for 4 hours followed by immersion 
in water at 49°C for 4 days and then 

at 23°C for 4 hours before 

compressive strength testing. 

The index of retained strength 

(IRS) is measured to evaluate the 
moisture sensitivity with 75% 

retention as the indicator [51]. 

Marshall 

Stability test 
(AASHTO 

T245) 

Specimens are first vacuum treated 

under water and then immersed in 
water at 60°C for 48 hours [53]. 

The ratio of Marshall stability of 

conditioned specimens to 
unconditioned specimens is used 
to assess the moisture sensitivity. 

Duriez test 
(NF P 98-

251-1) 

Moisture conditioning at 18°C for 7 
days [61] 

Moisture sensitivity is assessed 

as the retained unconfined 
compression strength at 18°C and 

1 mm/s loading 

Lottman 

procedure 

Vacuum treated in water with 600 
mm Hg for 30 minutes to simulate 

the short-term performance. Freeze-

thaw procedure was applied to 
simulate the field performance up 

to 4 years. 

The indirect tensile strength and 
stiffness before and after 

conditioning were used to 
characterise the moisture 

resistance [62]. 

Tunnicliff 
and Root 

procedure 

Partial vacuum to make sure the 
saturation degree between 55% and 

80% followed by water bath at 

60°C for 24 hours. 

The retained indirect tensile 
strength was used to justify the 

moisture resistance [63]. 

Immersion 
wheel 

tracking 

Asphalt mixture slab immersed in 
water at 40°C and subjected to a 

20Kg wheel tracking at 25 

cycles/minute [64]. 

The failure is indicated by a 
sudden increase in plastic 

deformation of the slab. The 
rutting depth and the loading 

replications will be used as 
indicators to evaluate moisture 

sensitivity. 

Hamburg 
wheel 

tracking 

Slab submerged in water at 50°C 
and subjected to a repeated steel 

wheel load with 50 passes per 
minute [65]. 

Testing is undertaken for 20000 

passes or until a 20mm rut depth. 
The required number of wheel 

passes to induce 1 mm rutting is 
used to characterise the moisture 

damage. 
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2.4.3 Other representative tests for moisture damage evaluation 

2.4.3.1 Surface energy tests 

Based on the thermodynamic theory as presented in Section 2.3.4, the work of adhesion 

between aggregate and bitumen could be determined if their surface free energies are 

known. This theory can also be applied to evaluate the moisture damage susceptibility 

of the aggregate-bitumen system when water displaces the bitumen film from the 

aggregate surface. Furthermore, previous researchers have determined the correlations 

between thermodynamic parameters and moisture sensitivity of asphalt mixtures [66, 

67]. Therefore, it is possible to evaluate the moisture sensitivity of asphalt mixtures by 

measuring the surface free energy of the aggregate and bitumen. 

There are two commonly used methods, known as the „Sessile drop method‟ and 

„Wilhelmy plate method‟, applied to measure the contact angle of specific probe liquids 

with bitumen so as to derive the surface free energy of bitumen [68]. The „Sessile Drop 

Method‟ is a direct method of measuring the static contact angle of a probe liquid 

dropped onto the bitumen substrate using a camera fixed in the Goniometer, as shown 

in Figure 2-7 [68]. The „Wilhelmy Plate Method‟ is an indirect method to calculate the 

contact angle from the measured dynamic force change using the dynamic contact 

angle (DCA) analyser, as shown in Figure 2-8 [69]. Previous researchers have 

demonstrated that it is difficult to get consistent results with the goniometer whilst the 

repeatability of the DCA is comparatively better [70]. 

 

Figure 2-7 Image and schematic of goniometer [70] 
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Figure 2-8 Image and schematic of dynamic contact angle test procedure [70] 

Because of the high surface energy of aggregate, it is difficult to use the contact angle 

technique as the probe liquids readily spread on the aggregate surface and it is difficult 

to obtain accurate contact angles. So, two other methods, namely the dynamic vapour 

sorption (DVS) test and the microcalorimeter technique can be used to measure the 

surface energy of aggregates [67]. Images of these two pieces of equipment are shown 

in Figures 2-9 and 2-10, respectively. The DVS test measures the mass increase of 

aggregate when probe vapours are passed through the sample under controlled 

temperature and pressure conditions and the results used to determine the surface free 

energy components of the aggregate [7]. Microcalorimetry is a technique to measure 

the heat change when aggregates are immersed in the probe liquids with the help of 

integrated software and the results are used to calculate the surface energy of aggregate 

[67]. The surface energy results of bitumen and aggregates were used to identify 

parameters based on thermodynamic theory that can quantify their work of adhesion in 

dry conditions and work of debonding in the presence of water. The thermodynamic 

parameters were shown to correlate well with the moisture sensitivity of asphalt 

mixtures based on laboratory tests [67]. 
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Figure 2-9 Image of the Dynamic Vapour Sorption equipment 

 

Figure 2-10 Image of the Microcalorimeter equipment 
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2.4.3.2 Mechanical tests on aggregate-bitumen interface 

The bond strength of the aggregate-bitumen interface is recognised as one of the most 

important contributing factors that affect the main mechanical properties of the asphalt 

mixture. By measuring the adhesive bond strength of coatings between bitumen and 

aggregate, several testing techniques have been developed but the most commonly used 

methods include the pull-off test and peel test. These two methods have also been 

successfully used to evaluate the moisture sensitivity of the aggregate-bitumen bond by 

immersing specimens in water for a period of time before testing. 

Pull-off test 

The pull-off test is a widely used mechanical test to measure the tensile strength of 

coatings and interface strength of composite materials [71]. Normally, the pull-off test 

is conducted by measuring the tensile stress necessary to detach the adhesive materials 

in a direction perpendicular to the substrates, as shown in Figure 2-11. In the pavement 

research area, the pull-off test specimen is generally produced by combining two rigid 

aggregate substrates using bitumen or mastic as the adhesive material and the adhesive 

layer is tested using a universal testing machine (UTM), as shown in Figure 2-12 [71]. 

The advantage of this method is that the testing factors such as substrate dimensions, 

adhesive thickness, loading rate and temperature can be changed based on the 

requirements. Previous researchers demonstrated that a slower loading rate resulted in a 

smaller tensile stress to failure [72]. An increase in testing temperature results in a 

decrease in failure tensile strength with other testing conditions held constant [73]. In 

addition, this method can also be used to evaluate the moisture sensitivity of the 

aggregate-bitumen interface as the adhesive bond is generally affected by moisture [74]. 

The retained tensile strength defined as the ratio of strength after moisture conditioning 

to the strength in the dry condition is commonly used to evaluate the moisture 

resistance of asphalt mixtures. 
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Figure 2-11 Schematic diagram of pull-off test [71] 

 

Figure 2-12 Test equipment for pull-off test using UTM [75] 

The pneumatic adhesion tensile testing instrument (PATTI) is a device using generated 

air pressure from the equipment to detach the bond between aggregate and bitumen. 

The maximum tensile pressure to separate the bitumen from substrate is captured and 

converted to its pull-off tensile strength [76]. This method has been successfully used 

by many researchers to measure the moisture resistance of different aggregate-bitumen 

combinations and is recognised to be an accurate method to not only determine the 
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mechanical tensile strength of bitumen or bitumen-aggregate interface, but also identify 

the type of failure, either adhesive or cohesive [77, 78, 79, 80]. 

Peel test 

The peel test is a well-developed standard (ASTM D6862-11) method to measure the 

adhesive strength of the bonded interface of composite materials and is widely used in 

various engineering applications [81]. Figure 2-13 illustrates the different 

configurations for several peel methods. For a typical peel test, a thin flexible peel arm 

and a rigid substrate are bonded using the adhesive material. During testing, the peel 

arm is pulled from the substrate at a specified angle and speed with the peel force 

recorded. The recorded peel force in steady state conditions is then used to calculate the 

fracture energy of the adhesive. In the pavement research area, aggregates are used as 

the rigid substrate and bonded to the flexible peel arm with bitumen as the adhesive. 

Horgnies et al. [82] undertook the peel test to peel bitumen from aggregate surface by 

using polyethylene terephthalate (PET) as a peel arm to evaluate the influence of 

interfacial composition on aggregate-bitumen adhesion. Blackman et al. [83] undertook 

a similar peel test but replaced the PET with aluminium alloy as the peel arm to 

measure the moisture- induced damage of different aggregate-bitumen combinations. 

This test is considered to be a reliable method to measure the peel strength (fracture 

energy) of the aggregate-bitumen interface if suitable corrections for plastic work can 

be performed. 

 

Figure 2-13 Configuration of different peel tests [84] 

2.4.3.3 Saturation Ageing Tensile Stiffness (SATS) Test 

The saturation ageing tensile stiffness (SATS) test, as shown in Figure 2-14, is the first 

method that combines both ageing and moisture damage mechanisms by conditioning 
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pre-saturated asphalt mixture specimens at an elevated temperature and pressure in the 

presence of moisture. The retained stiffness modulus and the retained saturation are two 

parameters used as an indication of the sensitivity of the compacted mixture to the 

combined effects of ageing and moisture damage [2]. Airey et al. [2] evaluated the 

influence of aggregate, filler and bitumen on moisture damage of asphalt mixtures. It 

was found that the air voids and binder content have negligible effect on the retained 

stiffness values when tested in the SATS test. The filler may have affected the moisture 

sensitivity of acidic aggregate mixtures. By using the SATS test, Collop et al. [85] 

found that mixture prepared with acidic aggregates was more sensitive to moisture 

damage than those prepared with basic aggregates. The SATS test showed the same 

ranking in terms of the moisture sensitivity of asphalt mixtures as the AASHTO T283 

procedure [86]. In addition, it has been considered that the SATS test could correctly 

predict the performance of asphalt mixtures in the field [87].  

 

Figure 2-14 Equipment used for the SATS test 
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2.5 Summary 

Bitumen, as one of the world‟s most widely used construction materials, has been 

selected as a binder in pavement construction for almost 100 years. Long-term research 

has demonstrated that moisture- induced damage in asphalt mixtures plays a very 

significant role in the performance of asphalt pavements during its service life and 

serious attention needs to be paid to this mechanism. When moisture damage occurs, 

the loss of cohesion in the mixture and/or the loss of adhesion between the bitumen and 

the aggregate interface will reduce the ability of a pavement to support traffic- induced 

stresses and strains, which can promote the development of cracks and rutting so as to 

accelerate the deterioration of the pavement. This chapter gave a comprehensive 

introduction about moisture damage in aspects of definition, mechanisms, theories and 

evaluation methods with the main points showing the following: 

Moisture damage, defined as the degradation of the mechanical properties of asphalt 

mixtures because of the presence of moisture, is considered to be a major cause of the 

deterioration of asphalt pavements. For the asphalt pavement itself, the compatibility 

between bitumen and aggregate, and the volumetric properties of the mixture are 

important factors that influence the moisture sensitivity. In addition, other factors such 

as ageing of binders, traffic loading and environmental changes will combine with 

moisture damage so as to accelerate the pavement degradation. 

As introduced in Section 2.2, moisture could damage the asphalt mixture via five main 

mechanisms namely: detachment, displacement, spontaneous emulsification, pore 

pressure and hydraulic scour. The development of the moisture damage is determined 

by the fundamental properties of a mixture and by the changes in the moisture state.     

Because the aggregate-bitumen interface is a vulnerable boundary to moisture damage 

and is the research focus of this thesis, the adhesion between aggregate and bitumen 

was explained by several different theories. These theories are fundamental to 

understand why aggregate and bitumen can bond together in dry conditions, and some 

of the bonds deteriorate with the presence of moisture. By using these theories, it is 

helpful to select compatible aggregate and bitumen combinations before producing an 
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asphalt mixture and carrying out pavement design, so as to make sure of the 

performance during its service life. 

Many laboratory testing methods to evaluate the moisture susceptibility of asphalt 

mixtures are presented in this chapter. Tests related to moisture damage of asphalt 

mixtures can be broadly divided into tests performed on the loose coated aggregates 

and tests performed on compacted asphalt mixtures. The most commonly used methods 

for loose coated aggregate are the static immersion test, rolling bottle test and boiling 

water test assessing the loss of the bitumen coating from the aggregate visually to 

evaluate the moisture susceptibility. In terms of the compacted asphalt mixtures, 

mechanical evaluation by measuring the loss of strength and stiffness of specimens 

before and after moisture conditioning is the main procedure to evaluate their moisture 

sensitivity. In addition, other methods such as surface energy tests, the peel test, the 

pull-off test and the SATS test are also recognised as feasible to evaluate the moisture 

sensitivity of asphalt mixtures.  
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3. Materials 

3.1 Introduction 

The main objectives of this thesis are to evaluate the susceptibility of aggregate-

bitumen bonds to moisture damage based on the values achieved from different 

techniques followed by comparing the correlations between these techniques. 

Aggregates which were commonly used in UK with known field performance from five 

different sources were selected for testing. They included two limestone aggregates (L1 

and L2) and three granite aggregates (G1, G2 and G3). Two types of bitumen with 

different penetration grades were used to prepare aggregate-bitumen adhesive 

specimens with the aggregates mentioned above. Before characterising the moisture 

susceptibility of the aggregate-bitumen bond, it is of importance to understand the 

properties (including physical and chemical properties) of the original materials.  

3.2 Aggregates 

Aggregates constitute the dominant part of asphalt mixtures with the percentage by 

weight ranging from 92% for wearing course asphalt to about 96% for continuously 

graded macadam [1]. It is reasonable to consider that aggregate has important effects on 

the moisture sensitivity of asphalt mixtures due to its high proportion. So, properties of 

aggregates, including mineralogical composition and moisture absorption, were 

measured in this part.  

3.2.1 Mineralogical composition of aggregate 

The mineralogy of the different aggregates was studied using a mineral liberation 

analyser (MLA) in order to understand the effect of their mineralogical compositions 

on moisture damage resistance of aggregate-bitumen bonds. The experimental 

procedures used for the MLA included the following steps. Aggregates were first 

washed in water and then dried in an oven at 40°C for 24 hours. The oven-dried 
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aggregates were cast in resin moulds with 25mm diameter and 20mm height, followed 

by polishing of the surface using a rotary polishing machine. Then, carbon coating was 

applied to get an electron conductive surface. An FEI Quanta 600 scanning electron 

microscopy (SEM) with MLA capability was used for the mineral analysis. During 

testing, the SEM collects back-scattered electron (BSE) images and energy dispersive 

X-ray data for a series of frames step by step across the specimen surface. Measurement 

of the backscattered electron intensities allows for the segmentation of mineral phases 

within each particle section, while energy dispersive X-ray (EDX) analysis of a given 

phase allows for phase identification [2]. The final result is like a map with different 

colours representing different mineralogical compositions.   

The MLA scans and the detailed mineral compositions for the five aggregates are 

presented in Figure 3-1 and Table 3-1, respectively. It should be mentioned that as the 

amount of aggregate used for the MLA test is very little, the variability of the final 

result is inevitable. In this research, several small aggregates were combined in one 

sample so as to improve the representativeness of the result.  As shown in this Figure, 

minerals in the granite samples (G1, G2 and G3) exhibit considerable texture and their 

distribution is more complex, while the limestone surface is simple and calcite makes 

up almost all of the area. For the limestone (L1 and L2) samples, calcite is the 

predominant phase when compared to the other minerals present, with 96.98% and 

99.48% by weight, respectively. However, granite is made up of a number of different 

mineral phases. Chlorite, albite and quartz are the common dominant minerals for these 

three granite aggregates with quantities higher than 10%. There are three other minerals, 

epidote, anorthite and k-feldspar which are detected in G1, G2 and G3, respectively, 

with quantities higher than 10%. It is believed that large proportions of the albite and 

quartz phases have the potential to lead to moisture damage, due to the poor adhesion 

between quartz and bitumen. Although albite can form a strong bond with bitumen in 

the dry condition, this bond is quickly broken in the presence of water [3]. There is also 

evidence that feldspar is responsible for interfacial failure at aggregate-bitumen 

interface [4]. 
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Figure 3-1 Mineral mosaic of five aggregates. L1 and L2 are classified as limestone 

while G1, G2 and G3 are granite 

 

 

 

 

 

 

 

 

 



 

51 
 

Table 3-1. Mineral composition of aggregates identified by MLA analysis 

Mineral type 
Composition (Wt %) 

L1 L2 G1 G2 G3 

Chlorite - - 31.53 13.52 11.90 

Albite - - 27.13 32.73 28.30 

Quartz 0.49 0.23 19.11 15.86 33.17 

Epidote - - 11.11 1.37 1.06 

K-feldspar - - 4.82 9.64 16.93 

Muscovite - - 2.39 3.43 4.58 

Hornblende - - 1.88 2.57 0.27 

Biotite - - 0.99 0.34 1.00 

Other 0.30 0.05 0.74 1.91 1.19 

Calcite 96.98 99.48 0.20 0.08 0.78 

Anorthite - - 0.10 18.54 0.82 

Dolomite 1.30 0.13 - - - 

Clay 0.93 0.10 - - - 

Total 100 100 100 100 100 

 

3.2.2 Moisture absorption of aggregates 

The presence and amount of moisture present at the aggregate-bitumen interface 

reduces the structural strength due to the loss of the adhesive bond between the bitumen 

and the aggregate, and/or the loss of the cohesive bond within the bitumen film. An 

important parameter that influences moisture- induced damage in asphalt mixtures is the 

rate and amount of water absorption of the aggregates. Therefore, it is of importance to 

quantify the absorption properties of the aggregates. This approach of considering the 

moisture absorption properties of the aggregate is in contrast to most previous studies 

that only consider conditioning time when evaluating moisture damage [4]. The current 

approach recognises the differences in moisture absorption characteristics of different 

aggregates. To perform the moisture absorption experiments, rectangular aggregate 

beams with dimensions of 100 mm   20 mm   10 mm were first cut from boulders. 

Then the beams were cleaned using deionised water and dried in an oven at 40°C for 24 

hours to remove all the moisture. The weight of each beam in the dry condition was 

measured using a balance with precision of 0.1 μg. All aggregates were moisture 

conditioned by placing them in baths containing deionised water at 20°C and weighing 
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them periodically until steady stable conditions were reached. The results were used to 

calculate the mass uptake of aggregates as a percentage of the dry aggregate weight 

(Equation (3-1)) [4]. 

            ( )     
     

  
                                                                      (3-1) 

where    is the moisture uptake at time   ,    is the initial mass of the aggregate in dry 

condition,    is the mass of aggregate after time  .  

The amount of moisture absorbed as well as the conditioning time was monitored for 

aggregates when submersed in water at 20°C for up to 14 days and the results are 

depicted in Figure 3-2. The results show that the total amount of moisture absorbed 

ranged from about 0.13% for aggregate G1 to about 2.21% for aggregate L1. The results 

suggest that the rather large differences in water absorption could be due to the different 

mineralogy and structure of the aggregates.  

 

Figure 3-2 Moisture absorption values versus conditioning time for five different 

aggregates. Moisture conditioning testing was conducted at 20°C. 

A regression analysis was performed to develop a statistical model by relating the 

aggregate mineralogical data presented in Table 3-1 with the aggregate moisture 

absorption (14 days) depicted in Figure 3-2. In this regression, the top three minerals in 

each aggregate were selected as shown in Table 3-2. Then, nine parameters were 

combined with the mineral compositions of each aggregate to form linear equations  

0

0.5

1

1.5

2

2.5

0 3 6 9 12 15

G1 L1 L2 G2 G3

Condition time [day] 

A
b

so
rp

ti
o

n
 [

%
] 



 

53 
 

with the result M1 representing the predicted water absorption, as shown in Equation 3-

2. In the beginning, these nine parameters can endow any constant number. Then, the 

gaps between the predicted water absorption values and the measured results were then 

squared and summed as shown in Table 3-3. Finally, the summed value as shown in 

Table 3-3 (red color) is the objective. During regression, the objective was defined to be 

minimizing by changing the nine parameters as shown in Equation 3-2 and then obtain 

the values of the nine parameters as shown in Equation 3-3.  

Table 3-2. The minerals selected for data regression. 

Aggregate 
Mineral composition (%) 

Calcite Dolomite Clay Quartz Albite Anorthite K-feldspar Chlorite 

L1 96.98 1.3 0.93 0.49 0 0 0 0 

L2 99.48 0.13 0.1 0.23 0 0 0 0 

G1 0.2 0 0 19.11 27.13 0.1 4.82 31.53 

G2 0.08 0 0 15.86 32.73 18.54 9.64 13.52 

G3 0.78 0 0 33.17 28.3 0.82 16.93 11.9 

Parameters 

a x1 x2 x3 x4 x5 x6 x7 x8 

Note: The red colored cells are parameters need to be regressed.  

                                                 

                                                                                              

(3-2) 

where M1 is the predicted moisture absorption at 14 days; calcite is the amount of 

calcite mineral mass (%); dolomite is the amount of dolomite mineral mass (%); clay is 

the amount of clay minerals (%); quartz is the amount of quartz (%); albite is the 

amount of albite (%); anorthite is the amount of anorthite (%); kfeldspar is the amount 

of k-feldspar (%) and chlorite is the amount of chlorite (%). 
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Table 3-3. The measured and predicted water absorption results  

Aggregate M0 (%) M1 (%) (M0-M1)
2
 

L1 2.21 2.209981 3.5E-10 

L2 0.46 0.460093 8.6E-09 

G1 0.13 0.129997 7.69E-12 

G2 0.47 0.469973 7.34E-10 

G3 0.29 0.290034 1.17E-09 

Sum    1.08593E-08 

Note: M0 is the measured water absorption, M1 is the predicted water absorption and the 

red colored cell is objective to be minimized.   

The results of regression analysis identified four mineral components – dolomite, clay, 

anorthite and k-feldspar as the most significant factors that influence aggregate moisture 

absorption, as shown in Equation 3-3. When inputting the mineral compositions of each 

aggregate in the equation, the predicted water absorption (as shown in Table 3-3) is very 

similar to the measured results meaning the reliability of this equation based on these 

five aggregates. As shown in this equation, of these four factors, dolomite and clay 

appear to be the most significant factors in limestone while anorthite and k-feldspar are 

the dominant factors in granite. 

                                                           

                                                           

                                                                                                                              (3-3) 

where M1 is the predicted moisture absorption at 14 days; calcite is the amount of 

calcite mineral mass (%); dolomite is the amount of dolomite mineral mass (%); clay is 

the amount of clay minerals (%); quartz is the amount of quartz (%); albite is the 

amount of albite (%); anorthite is the amount of anorthite (%); kfeldspar is the amount 

of k-feldspar (%) and chlorite is the amount of chlorite (%). 
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3.3 Bitumen 

Bitumen is the material which binds the graded aggregates together to form asphalt 

mixtures. It is considered that the performance of an asphalt pavement is largely 

determined by the rheological (physical) properties and the chemical composition of the 

bitumen [5]. Two types of bitumen (B1 and B2) with penetration grades of 40/60 and 

70/100, respectively, were used in the study.  

The physical properties of the bitumen were characterised using softening point and 

penetration tests. Based on the tests, the softening points (ASTM D36/D36M) [5] of B1 

and B2 were 51.2°C and 45.2°C respectively, whereas the measured penetration (ASTM 

D5) [7] of B1 at 25°C was 46 (0.1mm) compared with 81 (0.1mm) for B2. Apart from 

that, the rheological properties and chemical composition of the bitumen were 

characterised as follows. 

3.3.1 Dynamic shear rheometer test 

The dynamic shear rheometer (DSR) was adopted to characterise the visco-elastic 

behaviour of bitumen from low to high service temperatures. A thin bitumen specimen 

is sandwiched between two parallel metal plates held in a constant temperature medium. 

During the test, the bottom plate remains fixed while the top one oscillates at a 

controlled sinusoidal shear stress or strain, as shown in Figure 3-3. The two plates are 

submerged in a liquid bath (20% Ethylene Glycol + 80% Water) to control the 

temperature of the bitumen. 

 

Figure 3-3 DSR test setup and applied signal 
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The DSR tests were performed in the temperature range from 10°C to 80°C. Before the 

frequency sweep test, a strain sweep test needs to be done so as to define the linear 

visco-elastic region (LVE) at each temperature. Based on the strain sweep tests, the 

strain levels were defined for the frequency sweep tests. Table 3-1 shows the testing 

conditions at different temperatures for the frequency sweep tests. 

The main rheological parameters obtained from the DSR test are the complex shear 

modulus and the phase angle. The complex modulus, G*, represents the shear stiffness 

of the bitumen under the conditions of testing. While the phase angle, represents the 

time delay between the applied stress and the measured strain. The complex modulus 

(G*) increases with decreasing temperature and/or increasing frequency. However, the 

phase angle increases as the temperature increases and/or the frequency decreases. 

The frequency sweep test results were analysed based on the time-temperature 

superposition principle (TTSP) [8]. Master curves of complex modulus and phase angle 

were built according to the Williams-Landel-Ferry (WLF) theory which is as follows: 

       
  (      )

   (      )
                                                                                                 (3-3) 

where    is the shift factor value,    and    are constants,   is temperature 

measurement and      is reference temperature (30°C). 

Table 3-1 Testing conditions of frequency sweep tests 

Sample Bitumen 

Temperature (°C) 10 20 30 40 50 60 70 80 

Target Strain (%) 0.5 0.5 0.5 1 1 1 1 1 

Parallel Plate Diameter 8mm 25mm 

Sample thickness 2mm 1mm 

Frequency 0.1-10 Hz 

Figure 3-4 shows the shear complex modulus and phase angle master curves for the two 

types of bitumen used in this research. Data in this figure were produced by means of 

DSR testing performed within the linear visco-elastic range. The reference temperature 

is 30°C. According to the time-temperature superposition principle (TTSP), low shear 

frequencies correspond to high temperatures while the high frequencies correspond to 

low temperatures. It was found that bitumen B1 exhibits a higher shear complex 
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modulus than bitumen B2 from low to high shear frequency. With respect to the phase 

angle, the data seems to overlap as the frequency becomes lower than 10 Hz. However, 

the phase angle of bitumen B1 is somewhat higher than that of bitumen B2 as the 

frequency becomes greater than 10 Hz, but the difference is relatively minor. Bitumen 

showing higher complex modulus is likely to form a stiffer bond to resist the direct 

tensile forces. 

 

Figure 3-4 Master curves of shear complex modulus and phase angle at a reference 

temperature of 30°C for two types of bitumen B1 and B2. Data shows that B1 is stiffer 

than B2. 

3.3.2 Fourier Transform Infrared Spectroscopy (FTIR) test 

The functional groups of the bitumen were characterised by means of Fourier Transform 

Infrared Spectroscopy (FTIR) using an Agilent 670 FTIR spectrometer and the 

procedure suggested by Marsac et al. [9]. The process involved firstly placing a small 

amount of bitumen (10mg) onto the scanning window of the apparatus. During testing, 

the beam used in the FTIR test is generated by starting with a broadband light source 

which contains the full spectrum of wavelengths to be measured. This beam containing 

multiple frequencies of light was shone at the specimen with the detector used to 

measure how much of that beam was absorbed by the sample. This process is repeated a 

number of times and the data analysed to determine the absorption at each wavelength. 
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Figure 3-5 illustrates the infrared spectroscopy curves of the 40/60 pen and 70/100 pen 

bitumen at 25°C. According to previous research [10], the absorption peaks at 2921cm-1 

and 2852cm-1 correspond to C-H asymmetrical stretching. The absorption peak of S=O 

is at 1030cm-1, which is used to detect the existence of sulfoxides. In terms of 

carboxylic acids, their C=O and C-O stretch absorption peaks are at 1730-1700cm-1 and 

1320-1210cm-1, respectively. The 1265cm-1 band can be assigned to C-O bending 

vibrations. The vibration at 2360cm-1 is the absorption doublet band of CO2 and in this 

research this peak can be neglected. In this Figure, the absorbance peaks of C-H 

(2852cm-1) were fixed at the same height. It can be seen that the absorbance of these 

two types of bitumen nearly overlap. If considering specific sections, the difference in 

terms of absorbance can be identified. The absorption peak in the region of 1030 cm-1 

for 70/100 pen bitumen is higher than 40/60 pen bitumen, demonstrating higher 

amounts of sulfoxides may present in 70/100 pen bitumen. Furthermore, the 70/100 pen 

bitumen may contain more carboxylic acids due to the higher absorbance values of 

70/100 pen bitumen than 40/60 pen bitumen at 1730cm-1. The functional groups which 

can contribute to the bitumen-aggregate bonding, such as sulfoxides and carboxylic 

acids, can be detected from FTIR curves, but their components are very small. 

 

Figure 3-5 FTIR test result of B1 (40/60 pen) and B2 (70/100 pen) bitumen 

3.4 Conclusions 

This chapter reports findings from an investigation of the physical and chemical 

properties of aggregates and bitumen. Several test techniques, which include MLA, 
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water absorption, DSR and FTIR, were used in this part. Factors such as the 

mineralogical compositions and water absorptions of aggregates as well as rheological 

properties and functional groups of bitumen were evaluated.  

MLA is a reliable method to characterise the mineralogical properties of aggregate 

which could not only detect the percentage of each mineral but also give their 

distributions on the aggregate surface. The water absorption properties of aggregates 

were obtained by measuring their moisture uptake with the duration of conditioning 

time. It can be seen that aggregates from different sources show obviously different 

mineralogical compositions and moisture absorption properties. The rather large 

differences in water absorption could be due to the different mineralogy and structure 

of the aggregates. There are specific minerals which could influence the moisture 

absorption of aggregates. 

According to the DSR test, the two types of bitumen have almost the same visco-elastic 

behaviour due to their nearly overlapped phase angle plots. B1 bitumen seems to be 

much stiffer in comparison with B2 bitumen because of its higher complex modulus. In 

terms of the FTIR test, nearly identical absorption peaks demonstrated similar 

functional groups of the two types of bitumen. 
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4. Surface energy testing of bitumen and 

aggregate 

4.1 Introduction 

As presented in Chapter 2, thermodynamic theory is considered to be a widely used and 

practicable method to evaluate the adhesive/cohesive bonding. According to this theory, 

adhesive and cohesive bonds of aggregate-bitumen combinations are directly related to 

surface energy properties of both materials [1]. So, it is of importance to select the most 

reliable techniques to measure the surface energies of bitumen and aggregates.  

For liquid materials, the parameters “surface tension” and “surface energy” are 

interchangeable with the equivalent units and values. Because of this, the surface 

energy of a liquid can be obtained by measuring its surface tension. Surface tension for 

a liquid can be directly achieved by using the following classical techniques: Wilhelmy 

Plate Device, Du-Nouy ring method, Drop Weight method, Pendant Drop method, and 

Sessile Drop method [2].  

For solid materials, however, the surface tension and surface energy are not equal. 

Normally, stretching of solid materials not only expend much work related to elastic 

and sometimes plastic deformation, but also changes the surface structure. Direct 

mechanical measurement of solid surface energy only limited to a few solid like mica 

and diamond as the surface stretching is avoided during cleavage, and the work of 

cleaving yields surface energy. For most of the solids, it is becomes impossible to 

achieve the surface free energy by measuring the surface tension directly as the surface 

stretching is not avoided [2]. So, indirect techniques are therefore used to measure the 

surface energy of solids. The work of adhesion of a solid with different probe liquids of 

known surface free energy components is measured which is then used to calculate the 

surface energy components of the solid. Two techniques, which are the contact angle 

and the vapour/gas adsorption, are considered to be the most popular methods to 

measure the interaction of a solid with a probe liquid. 
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Explanation about the techniques used for measuring the surface energy properties of 

bitumen and aggregate are first presented in this chapter. The surface free energy 

components of materials as mentioned in Chapter 3, including bitumen and aggregates, 

were then measured. Furthermore, the interfacial work of adhesion between the two 

materials was calculated by combining these surface energy results based on 

thermodynamic theory. Finally, the effect of water/moisture on the interfacial work of 

adhesion was also studied by comparing the moisture sensitivity parameters. 

4.2 Surface energy evaluation of bitumen 

As the bitumen used in this research is in a solid state at room temperature, the surface 

energy properties should be measured through an indirect method by measuring the 

contact angle of the bitumen with different probe liquids with known surface free 

energy components. Two contact angle methods, which are the Sessile Drop/Static 

Contact Angle Technique and the Dynamic Contact Angle Technique, are usually used 

for contact angle measurement. According to Ahmad‟s research [3], the repeatability 

and reliability of the static contact angle technique is poor in comparison with the 

dynamic contact angle method. So, in this section, the dynamic contact angle technique 

was selected to measure the surface energy components of bitumen.  

4.2.1 Dynamic contact angle (DCA) technique 

In 1863, Wilhelmy developed a contact angle evaluation method by immersing a plate 

into a liquid and calculating the contact angle from the measured force [2]. The 

principle of this Wilhelmy plate method is the force interaction changes of the plate as 

it is immersed and withdrawn from a liquid with a very slow and constant speed. This 

method is considered to be a fast and efficient technique to measure the contact angles 

of bitumen with different probe liquids [4].  

A Cahn Model dynamic contact angle (DCA) analyser was used to measure the contact 

angles of the probe liquids on bitumen coated glass slides under dynamic conditions.  

Figure 4-1 illustrates a schematic of the equipment used in this research. Because there 

are three unknown surface energy parameters for bitumen, at least three probe liquids 
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(one non-polar and two polar) are used. A beaker containing a type of probe liquid is 

placed on a movable stage positioned under the balance. The bitumen coated glass plate 

is suspended from the balance of the equipment with the help of a crocodile clip and it 

is necessary to make sure the bottom edge of the plate is parallel to the surface of the 

probe liquid. During testing, the bitumen coated plate is immersed and then withdrawn 

from the probe liquid at a constant speed while continuously recording the force 

involved. 

 

Figure 4-1 Schematic of dynamic contact angle analyser [3] 

Figure 4-2 illustrates the force-depth relationship model of the DCA experiment. The 

dynamic contact angle between bitumen and a probe liquid measured during the 

immersing process (process 3) is called the advancing contact angle; while the dynamic 

contact angle during the withdrawal process (process 4) is called the receding contact 

angle. 
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Figure 4-2 Relationship between wetting force and depth of immersion during DCA 

test [5] 

The procedure for deriving the contact angle from the measured force is presented as 

follows. 

When a plate is suspended in air, equation 4-1 is valid: 

                                                                                                   (4-1) 

where    is the force measured by the balance of the equipment before immersed in the 

liquid, which is also the force required to hold the plate;          and            

represent the weight of the glass plate and the bitumen film, respectively; V is the 

volume of the bitumen coated plate;      is the density of the air and g is the local 

acceleration of gravity. 

As the plate is partially immersed in a liquid, the balance measures the force according 

to equation 4-2: 

                                     (     )                          (4-2) 

where    is the force measured by the balance of the equipment after immersed in the 

liquid,     is the perimeter of the bitumen coated plate,    is the total surface energy of 

the probe liquid,   is the dynamic contact angle between bitumen and the liquid,     is 
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the volume of plate immersed in the liquid, and    is the density of the liquid. Equation 

4-3 was obtained by subtracting equation 4-1 from equation 4-2. 

                                                                                                 (4-3) 

Then the contact angle between the bitumen surface and the probe liquid is calculated 

as follows: 

     
      (        )

    
                                                                                             (4-4)  

To obtain surface energy values for the bitumen, contact angle values of the probe 

liquids are measured and applied to the Young-Dupre equation for the work of adhesion 

(   ) between the two materials. Based on the relationship between the Young-Dupre 

equation and the work of adhesion, equation 4-5 is obtained: 

       (       )   √  
     

    √  
    

   √  
    

                                   (4-5) 

where    ,    
  ,    

 , and    
  are the surface energy parameters of the liquid,    is the 

contact angle measured by the Wilhemy plate method,   
   is the Lifshitz-Van der 

Waals component of bitumen,   
  is the Lewis acid component of bitumen, and   

  is 

the Lewis base component of bitumen. These parameters could be assumed as follows 

to simplify the calculation: 
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                                                             (4-6) 
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Because three probe liquids were used in this research, the following matrix form of a 

linear simultaneous equation is established: 

[

         

         

         

] [

  

  

  

]  [

  

  

  

]                                                                                    (4-7) 
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Equation 4-7 is easy to solve and its results provide the surface energy components of 

bitumen [6]. 

4.2.2 Test protocol 

As introduced before, the Wilhelmy plate method could be used for measuring the 

contact angle between bitumen and the probe liquids. The surface energy parameters of 

the probe liquid and the contact angle values are then used to calculate the surface 

energy parameters of bitumen. In order to determine the surface energy characteristics 

of bitumen, selection of suitable probe liquids is of great importance and severa l factors 

should be considered: 

1. The three surface energy parameters of the probe liquid must be known. 

2. The probe liquid does not interact (chemically react or dissolve) with the 

bitumen. 

3. The probe liquid should be homogenous and pure. 

According to Bhasin‟s research [6], it is better to use five probe liquids as it reduces the 

chance of getting a negative number from the square root of the surface energy 

components. However, Ahmad found that the result achieved from three probe liquids 

remains similar with the one achieved from five liquids. So, three probe liquids, namely 

distilled water, glycerol and diiodomethane were used [3].  

Before measuring the contact angle, the bitumen coated plate specimen should be 

prepared. In this research, microscope glass slides with the dimensions of 40 mm × 24 

mm × 0.45 mm (No. 15) are selected. The detailed procedures for preparing the 

bitumen coated plate are as follows: 

1. Glass slides are first cleaned with acetone and followed by rinsing using 

distilled water. Then, a blue flame was used to remove any moisture or organic 

matter from both sides of the slide.  
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2. A small steel can filled with bitumen is placed in an oven at the mixing 

temperature of the bitumen under consideration for around 30  minutes. The 

molten bitumen is thoroughly stirred using a stick to ensure its homogeneity. 

3. The clean glass slide is dipped into and out of the molten bitumen with the 

depth of no less than 15mm. The slide is inverted immediately to make sure the 

bitumen drains down to get a uniform layer.  

4. The bitumen coated slides are then carefully inserted onto a slide holder and 

conditioned in a desiccator at room temperature for 24 hours. 

To measure the contact angle, the following procedure is followed: 

1. Turn on the DCA equipment and open the Win DCA software. 

2. Fill a 50 ml beaker with the required probe liquid up to a depth of 20 mm and 

place it on the stage of the equipment. A dark beaker is required for 

diiodomethane due to its light sensitive properties. 

3. Input the relative factors to the Win DCA software which include the surface 

energy parameters of the probe liquid and the dimensions of the bitumen coated 

slide. 

4. The bitumen coated slide is attached with a copper clip and then hung on the 

sample stirrup which is connected with the balance. 

5. Adjust the hung glass slide to make sure its bottom edge is kept parallel to the 

surface of the liquid in the beaker. Then manually move the height of the stage 

so that the distance between the bottom of the slide and the surface of the liquid 

is within approximately 5 mm. 

6. Close the front cover of the equipment. After the slide stops swinging and 

become stable, start the test by pressing the button in the software.   

7. The weight of the slide is recorded continuously during the whole advancing 

and receding testing process by the microbalance. An immersion depth of 5mm 

is selected in this test. 



 

69 
 

8. After getting the final data, manual analysis of the force-distance plot was 

performed to achieve the advancing and receding contact angle based on the 

principle as shown in equation 4-4. 

9. The surface energy components of bitumen are finally calculated with the help 

of an Excel spread sheet provided with the software.  

4.3 Surface energy evaluation of aggregate 

Due to the high surface energy of aggregate materials, the contact angle technique 

cannot be used to measure the surface energy components. With high surface energy, 

the probe liquid could readily spread on aggregate surfaces resulting in a zero degree 

contact angle and a high spreading pressure. So, a vapour sorption method was used to 

determine the surface energy of aggregate by measuring the spreading pressure of the 

probe vapour on the aggregate. 

4.3.1 Dynamic vapour sorption (DVS) technique  

For this study, a dynamic vapour sorption system (DVS Advantage 2, Surface 

Measurement Systems, Middlesex, UK) was used to determine the surface energy of 

the aggregates. To perform the test, probe vapours with known surface energy 

components are passed through the aggregate sample, under controlled temperature and 

pressure conditions, with the help of the inert carrier gas (dry nitrogen).  During this 

process, the mass of the aggregate sample increases due to the probe vapour being 

adsorbed at their surface that is then measured using a sensitive balance. All the tests 

were performed at a temperature of 25°C. The change in mass of an aggregate sample 

was plotted against the increasing vapour pressure values, as shown in Figure 4-3, to 

generate sorption isotherms which were used to estimate specific surface area and 

equilibrium spreading pressures of the aggregates. 



 

70 
 

 

Figure 4-3 Typical sorption isotherm obtained for L1 aggregate using octane vapour as 

probe liquid for partial vapour pressures ranging from 0% to 95% 

According to the original data achieved from the DVS test, the specific surface area of 

the aggregate is calculated by using the Brunauer-Emmett-Teller (BET) approach as 

shown: 

    (
    

 
)                                                                                                               (4-8) 

where     is the specific surface area of aggregate (m2),    is the monolayer specific 

amount of vapour adsorbed on the surface of aggregate (g),    is Avogadro’s number 

(6.022   1023 mol-1),   is the molecular weight of the vapour (g/mol),   is the 

projected or cross-sectional area of the vapour single molecule (m2). 

The number of vapour molecules adsorbed on the solid surface is determined by using 

the Langmuir approach:  
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                                                                                             (4-9) 

where   is the partial vapour pressure (Pa),    is the saturated vapour pressure o f 

solvent (Pa),   is the special amount adsorbed on the surface of the absorbent (mg), and 

  is the BET constant (parameter theoretically related to the net molar enthalpy of 

adsorption). 
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Adsorption of vapour molecules on the aggregate surface reduces its surface energy. So, 

spreading pressure as a result of adsorption of the vapour molecules can be expressed 

as:  

                                                                                                                               (4-10) 

where    is the spreading pressure at the maximum saturated vapour pressure or 

equilibrium spreading pressure (mJ/m2),    is the aggregate surface energy in a vacuum, 

and     is the aggregate surface energy after exposure to vapour. 

Spreading pressure at the maximum saturation vapour pressure for each solvent,   , is 

calculated by using the following Gibbs free energy model: 

   
  

 
∫

 

 
  

  

 
                                                                                                          (4-11) 

where   is the universal gas constant (83.14cm3 bar/mol.K), and   is the absolute 

temperature (K). 

By introducing spreading pressure,   , in the Young-Dupre relation, the following 

relationship is obtained: 

          (      )                                                                                     (4-12) 

The contact angle value for high energy solids such as aggregates is zero, therefore, 

equation 4-12 can be re-written as: 

                                                                                                                 (4-13) 

By substituting the above relation in equation 4-5, the following equation is obtained 

        √  
    

    √  
   

   √  
   

                                                      (4-14) 

Spreading pressures from three probe vapours are measured. Then, the three energy 

components of the aggregate (   
     

    
 ) can be determined by solving three 

simultaneous equations based on the same method as equation 4-7. 
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4.3.2 Test protocol 

The surface energy components of aggregates are calculated by measuring the 

spreading pressure of probe vapours on the aggregate surface. Therefore carefully 

prepared aggregates and the selecting of suitable probe vapours are very important.   

According to the holding capability of the sample chamber of the DVS equipment, 

aggregate fractions passing 5 mm and retained on 2.36 mm are used for testing. The 

sieved aggregates are first washed with deionised water. After cleaning, the aggregates 

are dried in an oven at 150°C for 4 hours and followed by cooling down to room 

temperature to make sure all the moisture is evaporated. The cleaned and dried 

aggregates are stored in glass vials. 

With a view to get a uniform adsorption/monolayer of the probe vapour on the 

aggregate surface, the surface tension values of the probe vapours selected for 

aggregate analysis are generally lower in comparison with the ones that are used for 

testing the bitumen. So, the easily available distilled water cannot be used with DVS 

because of its high surface tension/surface energy/cohesion [3]. Based on this theory, 

three probe liquids which are octane, ethyl acetate and chloroform are selected for the 

DVS test.  

The detailed procedures for measuring the surface energy of aggregate are described as 

follows: 

1. Regulate the thumb screws provided at the bottom of the manifold to make sure 

the manifold base is horizontal so as to avoid the hang wires touching the walls 

of the sample or reference chamber.  

2. Turn on the computer and the equipment system. 

3. Check the pressure regular and the temperature to make sure these values are 

always 1.5 bar and 25°C, respectively. 

4. Wash the sample and the reference pans with deionised water followed by 

ethanol and then dry them using lint free wipes. 
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5. The probe liquid used in this test is poured into the solvent bottle and screwed 

into the manifold. 

6. Click on the DVS Advantage control software and create new DVS methods to 

be used in this test. The created methods are then added to a new DVS sequence 

by using the NEW Sequence menu item. 

7. Load already saved sequence by using the sequence drop down menu. 

8. Carefully hang the cleaned sample and reference pans in the respective 

chambers with the help of tweezers and close the chambers. 

9. Take out the pans and add the required amount of aggregate (normally 2 to 3 

grams) and counter weight/steel ball bearings in the respective pans. Both pans 

are then placed back on the hang wires and finally close the chamber. 

10. After countering the weight of the steel balls, start the test by clicking the Run 

Sequence and save data button. During the test, the increase in mass of the 

aggregates because of adsorption of the probe vapours on the aggregate surface 

was measured. 

11. The provided DVS Advantage Analysis Software is used to calculate the 

specific surface area and spreading pressure properties of the sample based on 

the mass sorption results obtained from different vapour probes, according to 

the principles as shown in equation 4-8 to equation 4-11. The surface energy 

components of the aggregate are then calculated from the obtained surface area 

and spreading pressure values. 

4.4 Work of adhesion and moisture sensitivity 

The main objective of measuring surface energy of bitumen and aggregates is to be able 

to predict the moisture sensitivity of aggregate-bitumen bonds using the principles of 

thermodynamics and physical adhesion. This objective was accomplished by using the 

surface free energy parameters of the bitumen and aggregates to calculate their 

interfacial work of adhesion (dry bond strength) and the work of debonding (energy 

reduction) of the system with the presence of water/moisture. The calculated bond 
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energy parameters are then incorporated and arranged into four different ratios for 

moisture sensitivity analysis of different aggregate-bitumen combinations. 

4.4.1 Bond energy parameters 

There are three parameters, including dry work of adhesion, the work of debonding and 

the bitumen cohesion, which can be calculated from the surface energy properties of the 

bitumen and the aggregates. 

Work of adhesion 

The work of adhesion between bitumen and aggregate can be calculated by performing 

surface free energy calculations using equation 4-15. The bigger the value of this 

parameter means the greater the adhesion between the two materials and hence more 

resistance against debonding [3]. 

     √  
    

    √  
   

   √  
   

                                                              (4-15) 

where     is the work of adhesion between bitumen and aggregate, the subscripts B 

and A represent bitumen and aggregate respectively. 

Work of debonding 

For the general case, the work of adhesion for two materials in contact within a third 

medium can be explained by the following equation. It is the reduction in bond strength 

of a bitumen-aggregate system when water displaces the bitumen from the aggregate 

surface [3].  

                                                                                                      (4-16) 

where subscripts A, B and W represent aggregate, bitumen and water, respectively. 

Then, if the surface energy parameters of water are entered into Equation 4-16, the 

equation can be expanded as follows [3]: 
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Bitumen cohesion 

Bitumen cohesion is the work done to create a new unit area by fracture of the neat 

bitumen phase and is twice the total surface energy of the material. 

4.4.2 Moisture sensitivity parameters 

According to surface energy principles, the moisture sensitivity of asphalt mixture 

could be predicted by the relationship between work of debonding and work of 

adhesion. In order to improve the resistance to moisture damage, the work of adhesion 

(WBA) should be as high as possible and the work of debonding (WBWA) magnitude 

should be as small as possible [6]. Based on this reasoning, one of the energy 

parameters that can be used to assess the moisture damage is show as follows: 

    |
   

    
|                                                                                                                 (4-18) 

    is the ratio of the dry to wet bond strength of the bitumen-aggregate combination. 

According to this equation, the higher the value of    , the less moisture sensitive the 

mixture is likely to be.  

Based on the literature review in Chapter 2, adsorption of bitumen into the aggregate 

may depend on several other factors including the total volume of permeable pore space, 

the size of the pore openings and surface texture of the aggrega tes. Rougher aggregate 

surfaces provide a good lock with bitumen and can have better adhesion properties. 

These factors can be slotted into the equation by including the surface area of the 

aggregate materials: 

    |
   

    
|                                                                                                               (4-19) 
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where SSA is the specific surface area of the aggregates. A rougher aggregate surface 

with a higher specific surface area may provide good interlocking spaces for the 

bitumen. 

Apart from work of adhesion and debonding, wettability of aggregate by the bitumen 

should be considered in order to predict the moisture sensitivity. A material will wet the 

surface of another material if the cohesive bond energy of the former is less than the 

work of adhesion of the latter. So, for a given aggregate-bitumen combination, the 

wettability of bitumen on the aggregate surface is determined by the difference between 

aggregate-bitumen work of adhesion and the bitumen work of cohesion. An alternative 

energy parameter can therefore be proposed with the resistance of an asphalt mixture to 

moisture damage being directly proportional to the wettability of the bitumen with the 

aggregate and inversely proportional to the reduction in free energy when water causes 

debonding. This energy parameter can be mathematically expressed as: 

    |
       

    
|                                                                                                             (4-20) 

where WBB is the cohesive bond energy of the bitumen. For a given aggregate surface, 

bitumen with greater wettability will better coat the aggregate surface leaving fewer 

weak places for the water to penetrate and cause stripping. 

If the influence of micro-texture of the aggregate surface on the moisture sensitivity is 

considered, specific surface area should be combined with equation 4-20. According to 

Bhasin [7], the rate of diffusion in micro porous materials is proportional to the square 

root of the specific surface area. It is believed that this parameter best simulates the 

moisture sensitivity results obtained through other laboratory tests. So, the energy 

parameter can be therefore defined as: 

    |
       

    
|  √                                                                                          (4-21) 

These four energy parameters will be used to characterise the moisture sensitivity of all 

bitumen-aggregate combinations. 
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4.5 Results 

4.5.1 Surface free energy of bitumen 

The surface energies of two different types of bitumen as mentioned in Chapter 3 were 

measured in this section. The surface energy properties of the probe liquids, which 

include distilled water, glycerol and diiodomethane, used in this research are shown in 

Table 4-1. Five replicate specimens of the same bitumen were tested with each probe 

liquid. The average advancing and receding contact angles of the two types of bitumen 

with three probe liquids are shown in Table 4-2. The results presented in this Table 

correlated well with previous research as the contact angle and coefficient of variability 

showed similar values [7]. It is observed that the advancing contact angle values are 

always bigger than the receding ones. This is because the bitumen coated plate was 

already been wetted by the probe liquid during the advancing movement. The receding 

contact angle obtained in this test cannot reflect the real relationship between bitumen 

and the probe liquid. Also, the repeatability of advancing contact angle results is much 

better than the receding results. So, the advancing contact angle values are selected for 

surface energy determination. 

Table 4-1 Surface energy components of the probe liquids [3] 

Probe liquid 
Surface energy components (mJ/m2) 

            

Water 21.8 25.5 25.5 72.8 

Glycerol 34.0 3.92 57.4 64.0 

Diiodomethane 50.8 0 0 50.8 

Table 4-2 The average advancing and receding contact angle values 

Bitumen 
Water Glycerol Diiodomethane 

Adv Rec Adv Rec Adv Rec 

B1 
Avg (degree) 84.9 43.6 75.7 26.2 44.1 16.5 

CV (%) 1.76 2.75 1.71 20.15 2.96 26.87 

B2 
Avg (degree) 88.8 68.6 77.0 54.3 52.4 16.0 

CV (%) 0.89 2.54 2.34 10.86 2.71 33.29 
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Note: Adv = advancing contact angle, Rec = receding contact angle, Avg = the average 

value, CV = coefficient of variation.  

In order to analyse the reliability of the contact angle results, a plot of        versus    

was produced for the contact angle values obtained with the three probe liquids. This 

method was designed by plotting        versus    to determine the anomalous 

behaviour in contact angle measurements [8]. Based on this method, contact angle 

results which lie on a straight line when        is plotted versus    are considered to 

be acceptable. However, results which are far from the curve are associated with 

anomalous behaviour and should not be used for the surface energy calculation. The 

plots of        versus   for two types of bitumen used in this research are depicted in 

Figure 4-4. It can be seen from this figure that for B1 and B2 bitumen considered, the 

data points for all three probe liquids lie very close to the trend line with R-squared 

values of 0.9902 and 0.9983, respectively.  This demonstra ted that the contact angle 

values measured from all the probe liquids can be used for the surface energy 

calculation.   

 

Figure 4-4 Plot of        versus    for B1 and B2 

The calculated surface energy results of the two bitumens used in this research are 

presented in Table 4-3. From this Table it can be seen that the Lifshitz-van der Waals 

components (   ) of the surface energy are obviously higher than the acid (  ) and 

base (  ) components. This indicated that the Lifshitz-van der Waals component plays 
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a predominant part in the adhesion process. In terms of the acid and base components, 

the latter values are higher than the former. This phenomenon correlates well with 

Hefer‟s research [9]. The results for the B1 bitumen exhibited a comparatively higher 

total surface energy compared to the result for the B2 bitumen demonstrating that stiffer 

bitumen tends to have higher surface energy which in turn results in higher adhesion 

with aggregate [3]. The results of the surface energy components in Table 4-3 showed 

similar values in comparison with previous research [7]. 

Table 4-3 Surface energy components of bitumen. 

Bitumen 
Surface energy components (mJ/m2) 

            

B1 37.47 0.03 3.46 38.10 

B2 32.94 0.06 2.07 33.62 

4.5.2 Surface free energy of aggregate 

Five aggregates, including two limestones and three granites were tested and the results 

were used to estimate specific surface area (SSA) and spreading pressure from which 

the surface energy parameters were calculated. Octane was used as the probe vapour to 

measure the SSA of aggregates due to its non-polar nature which is supposed to give 

more accurate values [3]. The surface energy components and SSA of the five 

aggregates are shown in Table 4-4. From existing literature, the Lifshitz-van der Waals 

components of aggregates reported to be 35 - 80 ergs/cm2. The values obtained in this 

research are in agreement with this range [7]. 

Table 4-4 Surface energy components and SSA of aggregates 

Aggregate 
Surface energy components (mJ/m2) 

SSA (m2/g) 
            

L1 75.3 108.9 49.7 222.4 0.1708 

L2 82.2 6.7 59.3 122.0 0.0865 

G1 69.1 17.3 568.3 267.5 0.3819 

G2 68.3 16.4 40.8 120.0 0.3807 

G3 68.0 163.9 122.7 351.6 0.4420 
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Specific surface area of the various aggregates showed large differences depending on 

aggregate type. It can be seen that the three granite aggregates showed similar SSA 

values, while the values for limestone are much smaller in comparison with the granite. 

The results show that surface energy properties vary considerably, in terms of surface 

energy components as well as total surface energy. The test results indicate that the 

limestone aggregates have slightly higher van der Waals components (over 75 mJ/m2) 

than granite aggregates (under 70 mJ/m2). In contrast, granite aggregates tend to have 

higher total surface energy in comparison with limestone. Also, the acid-base 

components showed significant and irregular differences between these five aggregates. 

The differences can be attributed to different elemental and mineralogical compositions 

of the aggregates which in turn will influence the strength of aggregate-bitumen 

adhesion and their moisture sensitivity.  

4.5.3 Aggregate-bitumen adhesion and moisture sensitivity 

The objective of measuring the surface free energies of bitumen and aggregate is to be 

able to calculate their interfacial work of adhesion in dry conditions and the work of 

debonding with the presence of moisture. These two parameters can therefore be used 

to predict the moisture durability of aggregate-bitumen combinations based on the 

physical adhesion principles. 

Work of adhesion results for the various aggregate-bitumen combinations and the work 

of cohesion results for bitumen are shown in Table 4-5. With the absence of moisture, 

work of adhesion/cohesion values are positive meaning that energy must be applied to 

debond the adhesion between aggregate and bitumen. From this Table it can be seen 

that B1 bitumen tends to have higher work of cohesion and work of adhesion results in 

comparison with B2 bitumen. In terms of the same bitumen, the aggregate also 

influences the work of adhesion with G1 having the highest values and G2 having the 

lowest results. It is important to notice the significantly higher value of work of 

adhesion between bitumen and aggregate compared to the bitumen cohesive strength in 

the dry state. Therefore, in the absence of moisture, the dominant failure mode in 

asphalt mixtures should be cohesive which is in accordance with experience [10]. 
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Table 4-5 Work of adhesion and cohesion in dry condition 

Bitumen WBB (mJ/m2) 
WBA (mJ/m2) 

L1 L2 G1 G2 G3 

B1 76.19 147.42 123.22 125.28 118.39 152.30 

B2 67.24 132.95 115.14 118.59 109.52 136.70 

Note: WBB = work of cohesion result for bitumen, WBA = work of adhesion result for 

aggregate-bitumen combinations   

Work of debonding values for the aggregate-bitumen combinations and bitumen films 

are presented in Table 4-6. From this table it can be seen that the value of the work of 

debonding was aggregate type dependent, which suggests that the physico-chemical 

properties of the aggregates play a fundamental and more significant role in the 

generation of moisture damage, than the bitumen properties. In addition, specimens 

with positive work of debonding are considered more stable than those with negative 

work of debonding. For debonding results with negative values, the smaller magnitude 

values indicate better moisture resistance. According to this principle, specimens 

comprising of aggregate G2 and L2 would be expected to be more stable than the other 

three mixtures because of their positive work of debonding values. However, G1 and 

G3 seem to be the most sensitive aggregates to moisture damage due to their negative 

work of debonding. In terms of the same aggregate, B2 bitumen tends to result in lower 

work of debonding values in comparison with B1. So, the B2 bitumen seems more 

sensitive to moisture damage. The works of debonding results for bitumens are much 

higher than those for bitumen-aggregate combinations. This means in the presence of 

moisture, the failure mechanism tends to transform from cohesive to adhesive. 

Table 4-6 Work of debonding in wet condition 

Bitumen WBWB (mJ/m2) 
WBWA (mJ/m2) 

L1 L2 G1 G2 G3 

B1 66.51 -42.26 2.59 -167.17 3.76 -97.93 

B2 71.83 -49.58 1.66 -166.72 2.03 -106.38 

Note: WBWB = work of debonding when water presence in bitumen cohesive bond, 

WBWA = work of debonding when water presence in aggregate-bitumen adhesive bond 

Moisture sensitivity parameters calculated according to the four equations presented in 

Section 4.4.2 are shown in Table 4-7. A higher moisture sensitivity parameter indicates 
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a better moisture resistance of the aggregate-bitumen combination under consideration. 

Little and Bhasin [11] defined a set of threshold values for the moisture sensitivity 

parameters based on an extensive field moisture damage performance versus surface 

energy results study, with the view to separate ‘good’ from ‘poor’ moisture damage 

performing aggregate-bitumen combinations. The threshold limits are 0.75 for ER1, 

0.50 for ER2, 0.50 for ER3 and 0.35 for ER4. Based on these threshold limits, aggregate-

bitumen combinations which are classified as poor are coloured red as shown in Table 

4-7. The magnitude of the moisture sensitivity parameter was found to be aggregate 

type dependent. All the parameters identified combinations B1-G1 and B2-G1 as 

moisture sensitive. In addition, L2 and G2 aggregates are considered to have good 

moisture damage performance due to their highest ratios. In terms of the same 

aggregate, B2 bitumen tends to achieve smaller moisture sensitivity parameters 

demonstrating its poor moisture damage properties in comparison with B1 bitumen.  
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Table 4-7 Moisture sensitivity parameters of all aggregate-bitumen combinations 

Aggregate 

Bitumen 

B1 

ER1 ER2 ER3 ER4 

|
   

    

| |
   

    

|      |
       

    

| |
       

    

|  √    

L1 3.49 0.60 1.69 0.70 

L2 47.58 4.12 18.16 5.34 

G1 0.75 0.29 0.29 0.18 

G2 31.49 11.99 11.22 6.92 

G3 1.56 0.69 0.78 0.52 

Aggregate 

B2 

ER1 ER2 ER3 ER4 

|
   

    

| |
   

    

|      |
       

    

| |
       

    

|  √    

L1 2.68 0.46 1.33 0.55 

L2 69.36 6.00 28.86 8.49 

G1 0.71 0.27 0.31 0.19 

G2 53.95 20.54 20.83 12.85 

G3 1.29 0.57 0.65 0.43 

Threshold 
limit 

0.75 0.50 0.50 0.35 

Note: the parameters in red colour means the related aggregate-bitumen adhesion 

have poor moisture damage property.  

4.6 Conclusions 

This chapter reports findings from the investigation of the surface energy properties of 

bitumen and aggregates. Two surface free energy measurement methods, which are the 

Wilhelmy plate method and the dynamic vapour sorption (DVS) technique, are 

introduced and used to measure the surface free energy of bitumen and aggregate, 

respectively. The three-component surface free energy values are then used to calculate 

the work of adhesion/debonding values for different aggregate-bitumen combinations 

using standard thermodynamic theory under dry and wet conditions. Four moisture 
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sensitivity parameters are finally calculated using energy ratios of dry and wet 

conditions with the view of evaluating the moisture damage ranking of different 

aggregate-bitumen combinations. 

Based on the results it can be concluded that bitumen properties, such as the penetration 

and complex modulus, control the bonding strength of aggregate-bitumen combinations 

in the absence of moisture as the work of adhesion is much higher than the work of 

cohesion. However, with the presence of moisture, bonding results tend to show 

negative values demonstrating the thermodynamic potential that drives moisture 

damage. The works of debonding result for bitumens are much higher than those for 

aggregate-bitumen combinations. This means in the presence of moisture, the failure 

mechanism tends to transform from cohesive to adhesive. 

In terms of the moisture sensitivity parameters, only one aggregate G1 is defined to be 

moisture sensitive. Four parameters show similar moisture sensitivity ranking for the 

five aggregates considered. In terms of the same aggregate, B2 bitumen tends to have 

smaller moisture sensitivity parameters demonstrating its poor moisture damage 

properties in comparison with B1 bitumen. One thing should be mentioned that all four 

moisture sensitivity equations contain absolute value symbols. The definition of these 

four equations maybe based on the hypothesis that all work of debonding result in 

negative values. However, there are two aggregates used in this research that result in 

positive work of debonding values. It could be misleading if two aggregate-bitumen 

combinations result in positive and negative work of debonding but with the same 

magnitude. In reality, the positive work of debonding indicates better moisture 

resistance than the negative one. However, these four equations cannot recognise their 

difference, so, the reliability of these moisture sensitivity parameters should be 

compared with the mechanical tests in Chapter 8. 
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5. Fracture energy - Peel test 

5.1 Introduction 

As previously mentioned in Chapter 2, moisture damage is a complicated mode of 

distress that leads to the loss of stiffness and structural strength of asphalt pavement 

finally resulting in the failure of the road structure. Normally, the presence of moisture 

in the pavement can result in the loss of cohesion within the bitumen film itself or the 

loss of interfacial adhesion between binder and the aggregates [1, 2]. So, the 

adhesive/cohesive fracture property of the aggregate-bitumen interface is a fundamental 

parameter in considering the moisture damage of asphalt mixture.  

Since the adhesive/cohesive fracture property of aggregate-bitumen interface is 

considered as one of the main fundamental properties of asphalt pavement materials, it 

is of importance to select a practicable and reliable measurement to study the fracture 

properties of the aggregate-bitumen interface. The method should accurately reflect the 

adhesive/cohesive strength of the aggregate-bitumen interface and distinguish the 

influence of moisture. There are several methods and procedures that can be used to 

measure the adhesive/cohesive bond strength between aggregate and bitumen, such as 

double cantilever beam (DCB) test, tapered double cantilever beam (TDCB) test, 

impact wedge peel (IWP) test, scratching of thin film test and peel test [3]. The DCB, 

TDCB and scratching of thin film tests are considered unsuitable to measure 

bituminous materials because these three methods are based upon linear-elastic-

fracture-mechanics (LEFM) for the deformation [3]. Most grades of bitumen undergo 

viscoelastic deformation during loading at room temperature. In terms of the IWP test, 

the application of the wedge to separate the interface cannot represent the moisture 

damage mechanisms of adhesive or cohesive failure meaning it cannot be used for this 

study.  

However, with the peel test, it is possible to calculate the adhesive fracture energy of 

the aggregate-bitumen interface even if elastic-plastic deformation occurs in the peel 

arm. In addition, the peel test is a widely used method to characterise the fracture 

properties of flexible laminates. So, the peel test was selected in this research. The 
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adhesive/cohesive fracture energy could be calculated from the measured peel force 

representing the crack resistance of the aggregate-bitumen interface or the bitumen film.  

5.2 Theory of fracture energy 

Fracture energy is defined as the energy required to open a unit area of crack surface. 

During the peel test, the raw data achieved will be the tensile force. In order to 

determine the fracture energy (  ) of aggregate-bitumen combinations, there are three 

energy functions, including the stored strain energy in the peel arm, the energy 

dissipated during tensile deformation of the peel arm and the energy dissipated due to 

bending of the peel arm that must be considered and removed from the total input 

energy [4]. Based on this case, the fracture energy was derived from an energy-balance 

argument as follows: 

   
 

 
(

     

  
 

   

  
 

    

  
 

    

  
)                                                                            (5-1) 

where       is the external work applied,     is the stored strain energy in the peel 

arm,      is the dissipated energy of the peel arm during deformation, and      is the 

dissipated energy of the peel arm during bending. 

The external work can be determined via the following equation: 

         (         )                                                                                    (5-2) 

where   is the tensile load applied during the test,     is the tensile strain of the peel 

arm, and   is the applied peel angle. 

The stored strain and dissipated energy of the peel arm can be obtained as: 

 (      )      ∫     
  

 
                                                                                  (5-3) 

where   is the thickness of the peel arm,   is the width of the peel arm,   is the tensile 

stress of the peel arm at a specific tensile strain  . 

If assuming the tensile stiffness of the peel arm is infinite (     ) and bending 

stiffness is zero, the external work can be simplified as: 
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(      )                                                                                                   (5-4) 

If considering the tensile deformation of the peel arm but assuming the peel arm 

bending is only elastic, the following equation could be obtained: 

  
   

 

 
(         )   ∫     

  

 
                                                                    (5-5) 

For an elastic material, the maximum elastic energy (    
 ) which can be stored in the 

peel arm is given by: 

    
  

 

 
(    )  

 

 
(   

  )                                                                                    (5-6) 

where    is the yield strain of the peel arm, and   is the Young‟s modulus of the peel 

arm. 

However, if taking the plastic or viscoelastic bending of the peel arm into account, the 

fracture energy value is given by: 

   
 

 
(         )   ∫     

  

 
                                                               (5-7) 

where     is the energy dissipated in the peel arm during bending. By substituting 

Equation 5-5, the following equation is achieved: 

     
                                                                                                                (5-8) 

In order to determine the fracture energy, the value of     needs to be determined as 

the value of   
   can be easily achieved according to Equation 5-5. 

With the view of evaluating the dissipated energy during bending, the deformation 

process of the peel arm is illustrated as shown in Figure 5-1. During testing, a steady 

section of peel arm is loaded rapidly to reach the maximum bending and results in crack 

propagation, as shown at „A‟. Then, as the crack grows, the section is remote from the 

crack point and unloads due to the straightening of the peel arm, as „C‟.  The total 

energy dissipated during the loading and unloading process is the area [OABC] as 

shown in Figure 5-1. So: 

    
          

 
 

  

 
                                                                                                (5-9) 
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Figure 5-1 Deformation process of the peel arm. (a) deformation process of the peel 

arm. (b) large-displacement beam-theory model of the peel test [4]. 

The deformation process described in Figure 5-1a was then modelled according to the 

large displacement beam theory as shown in Figure 5-1b. The detailed scheme for 

modelling the deformation process can be seen in [4]. In addition, the elastic-plastic 

property of the peel arm has been modelled by fitting the stress-strain curve of the peel 

arm according to a bilinear model, as shown in Figure 5-2. Three parameters, which are 

Young‟s modulus   , plastic yield strain    and work-hardening parameter   , were 

determined and will be used for the fracture energy calculation. Based on the 

deformation process modelling, the peel test could be derived for three different cases. 

 

Figure 5-2 Schematic of the bilinear model for the stress-strain curve [4]. 

The first case is only elastic deformation involved during both loading and unloading 

process with        , and is described as: 
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where    is the slope of the peel arm at the peel front and   is the applied peel angle. 

The second case is the loading process being plastic deformation and the unloading 

process is elastic deformation, with       (   ) (    )⁄  or      , then: 
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The third case is plastic deformation involved in both loading and unloading process, 

with     (   ) (    )⁄  and      , resulting in: 

   

    
    (  )                                                                                                           (5-14) 

  
  

    
  

(      )

      (    ) 
   (  )                                                                                     (5-15) 

where 
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                                                                                                                                  (5-17) 

The parameter    is: 

   
  

  
                                                                                                                      (5-18) 

where    is the actual radius of curvature at the peel front and    is the radius of 

curvature at the onset of plastic yielding. 
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By modelling the root rotation of the peel arm at the peel front, the following 

relationship can be achieved: 

   
 

 
(   )                                                                                                           (5-19) 

With the view of evaluating the energy dissipated during bending    , the values of 

  
   and     

  should be calculated using Equations 5-4 and 5-6, respectively. 

Secondly, the work hardening parameter   was determined by fitting the stress-strain 

curve of the peel arm material. Also, the initial    was estimated by combining „case 2‟ 

or „case 3‟ together with Equation 5-19. Then the achieved     and   was iterated to 

determine which case was satisfied. Finally, the value of      was calculated by using 

the satisfied case. The adhesive fracture energy result could be calculated using 

Equation 5-8.  

5.3 Experimental procedure of peel test 

In this research, aggregate substrates were used for fixed arms which were bonded with 

the aluminium flexible peel arm using bitumen as the adhesive. During testing, the peel 

arm is peeled apart from the fixed aggregate substrate and the peel force is recorded for 

fracture energy calculation. Before testing, specimens with aggregate substrate and peel 

arm bonded by bitumen need to be prepared. 

5.3.1 Sample preparation 

For peel testing, the specimen should be rectangular, with the rigid aggregate and the 

flexible peel arm adhered along most of the length. The rigid aggregate should be thick 

enough to withstand the expected tensile force. The flexible peel arm should have a 

very good adhesion to the bitumen, in this way the fracture during the test does not take 

place at the interface between the peel arm and the bitumen. In this research, an 

aluminium alloy (Alu 1050A) with a thickness of 0.2mm was selected as the flexible 

peel arm. According to previous research [5], the overall dimensions of the aggregate 

substrates used in this research were selected as 200 mm    20 mm   10 mm. But 

because the length of the peel area is only 100 mm, 50 mm extra length of substrate is 
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enough to make sure the specimen is well fixed with the linear bearing. So, in this 

research, the length of the substrate was decreased to 150 mm and the results showed 

that it was reasonable.  

Aggregate plates were first prepared by wet cutting stone boulders using a diamond-

edged blade saw. Then, the aggregate plates were trimmed to a substrate with the size 

of 150 mm long and 20 mm wide. In this case, only big stone boulders could be used 

for the substrate preparation. The substrates were then polished with sand paper (P800, 

21.8 μm) to make sure the surface is visibly flat with no saw marks. Then, the polished 

slices were cleaned using distilled water and dried at room temperature for at least 24 

hours. 

The aggregate substrates with dimensions of 150 mm    20 mm    10 mm were 

prepared as previously described. They were then bonded to the aluminum peel arm 

using bitumen as the adhesive layer. The thickness of the bitumen adhesive layer is 

controlled by placing five wire spacers on the aggregate which results in a film 

thickness the same as the diameter of the wire. The sample preparation consists of the 

following steps [6]: 

1. Surface pre-treatment. Aggregate substrate was ground using sand paper to get a 

smooth surface. The ground substrate and peel arm are then wiped gently using a 

damp paper towel to remove any dust.  

2. Pre-heating the aggregate and the bitumen. The aggregate and peel arm are then 

placed in an oven at 150°C for 1 hour. Bitumen is preheated to 150°C for 1 hour 

prior to making the joint.  

3. Placing the sharp crack initiator. A release film polytetrafluoroethylene (PTFE) of 

dimensions 20 mm × 12 mm × 75 μm is placed on the aggregate surface at one 

end.  

4. Five wire spacers with a length of 20 mm are placed on the aggregate. The 

diameter of the wire controls the thickness of the bitumen (adhesive) layer.  

5. The liquid bitumen is applied (at 150°C) evenly along the surface of the aggregate.  
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6. The preheated aluminium peel arm (of length 50 mm longer than the aggregate 

substrate and of thickness 0.2 mm) is placed on the top of the bitumen layer.  

7. Gentle pressure is applied on top of the joint to control the thickness of the 

bitumen layer. The pressure should be uniformly distributed over the bond area. 

The bonded specimen is then cooled at ambient temperature overnight. The excess 

bitumen at the edges of the specimen should be trimmed with a heated knife.  

8. All specimens were stored at room temperature ready for further testing. 

5.3.2 Fracture energy evaluation 

A universal testing machine (UTM) which can supply a constant rate of grip separation 

was used to measure the tensile force during the peel test. The sample was attached to a 

linear bearing to get a highly accurate and smooth motion during testing. The linear 

bearing is then attached to the universal testing machine. During the test, the free end of 

the peel arm was bent to an applied peel angle of 90° and this angle is maintained by 

the linear bearing system, as shown in Figure 5-3. According to Equation 5-20, the 

displacement velocity of the cross-head of the universal testing machine was equivalent 

to the fracture displacement velocity when the peel angle is 90°: 

   ̇ (      )                                                                                                    (5-20) 

where,   is the peel rate (mm/min),  ̇ is the crosshead displacement rate (mm/min) and 

  is the peel angle (degree). 

 
Figure 5-3 Details of peel test equipment 
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A peel speed of 10 mm/min was used in this test. The tensile force was recorded during 

the fracture development so as to calculate the fracture energy in the next step. The 

fracture energy,   , is considered to be a geometry- independent parameter which 

reflects (a) the energy to break the interfacial bonding forces and (b) the energy 

dissipated locally ahead of the peel front in the plastic or viscoelastic zone. The input 

energy to the peel test needs to be resolved into the various deformation energies; 

elastic, plastic and adhesive fracture energy [4]. The adhesive fracture energy    can be 

derived as follows: 
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)                                                                          (5-21) 

where       is the external work,     is the stored strain energy in the peel arm,      

is the energy dissipated during tensile deformation of the peel arm,      is the energy 

dissipated during bending of the peel arm near the peel front, and   is the width of the 

peel arm (mm) and    is the differential of fracture area. 

In order to calculate the plastic deformation energy associated with the peel arm, it is 

first necessary to have knowledge of the tensile stress-strain characteristics of the peel 

arm material. So, the aluminium peel arm with the same width as used in the sample 

preparation was subjected to tensile testing at the same cross-head speed (10 mm/min). 

5.3.3 IC Peel software introduction 

In order to calculate the fracture energy of aggregate-bitumen bonds more easily, 

software known as „ICPeel‟ was developed at Imperial College London based on the 

fracture theories as introduced in Section 5.2 [7]. The software is free to download from 

the Imperial College London website. To determine the fracture energy, several 

parameters need to be inputted into the ICPeel software and the fracture energy is 

calculated automatically.  

The software provides two types of methods to analyse the fracture energy which are a 

linear-elastic stiffness approach and the limiting maximum stress approach. The linear-

elastic stiffness approach is a more standard option using only fracture energy    to 

characterise the fracture property. To conduct this calculation, the input cell „Maximum 
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Stress‟ should be blank. The limiting maximum stress approach is a method which 

focuses on cohesive zone analysis describing the fracture process by two parameters, 

the fracture energy    and the maximum stress for the damage zone      . To conduct 

this analysis, it is necessary to define the value of      precisely and the value needs to 

be inputted in the „Maximum Stress‟ cell. In this research, the bitumen film thickness is 

very thin. Though there were cohesive failures occurring in the dry condition, it is 

impossible to obtain the maximum stress for the damage zone as the amount of area of 

bitumen involved at a specific point is unknown. In addition, adhesive failures were 

found after moisture conditioning and the limiting maximum stress approach is not 

suitable to analyse the adhesive zone. So, in this research, the linear-elastic stiffness 

approach was selected to characterise the fracture energy of aggregate-bitumen bonds 

and this correlates well with previous researchers [5]. 

Figure 5-4 shows the whole software interface including input parameters and output 

parameters. The input parameters were defined as follows: 

  is the Young‟s modulus of the peel arm material (GPa). 

   is the yield stress of the peel arm (MPa). 

   is the yield strain of the peel arm material (%). 

  is the power law of the peel arm material. 

  is the bilinear parameter of the peel arm material. 

  is the thickness of the peel arm (mm). 

  is the width of the peel arm (mm). 

   is the thickness of adhesive layer (mm). 

   is the Young‟s modulus of the adhesive material (GPa). 

  is the average peel force (N). 

  is the peel angle (degree). 

     is the maximum stress for the damage zone (MPa). 
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The first five parameters are related to the properties of the peel arm material. These 

parameters were obtained by fitting the stress-strain curve of the peel arm material 

according to a bi- linear or power law equation. The procedures for determining these 

parameters are introduced in the next section. The thickness and width of the peel arm 

are 0.2 mm and 20 mm in this research, respectively. The parameter    of the adhesive 

material is the film thickness of the bitumen used in this research. The     of the 

adhesive materials was obtained from the stress-strain curve of the bitumen and will be 

introduced in the next section. The peel force could be obtained from the tensile force-

displacement curve and will be introduced later. The peel angle used in this research is 

90°. The value of      could be neglected as the linear-elastic stiffness approach was 

selected in this research.  

After inputting the required parameters, there are two options to calculate the results. 

One option is calculates a single case by clicking the bottom „Compute a single case‟ or 

pressing the keys „Ctrl + A‟, as shown in Figure 5-4. Another option are calculate a 

series of cases by clicking the „Compute a series of cases‟ bottom or pressing the keys 

„Ctrl + Z‟.  

The output parameters are presented as follows: 

   is the adhesive fracture energy (J/m2). 

   is the plastic work in bending (J/m2). 

     is the input energy correlated for stored strain energy and tensile dissipations 

on the peel arm (J/m2). 

  is the total input energy (J/m2). 

Correction is the ratio of    ⁄  (%). 

     ( )  is the calculated maximum stress for the damage zone (MPa). 

   is the root rotation (deg). 

   is the non-dimensional maximum curvature of the peel arm. 

   is the radius of curvature of the peel arm at the root (mm). 
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     is the maximum bending strain in the peel arm at the root (%). 

The value of adhesive fracture energy will be used to evaluate the bonding between 

bitumen and aggregate before and after moisture damage.   

 

 

Figure 5-4 Interface of the ICPeel software [7] 

5.4 Results 

5.4.1 Parameters calculation 

The objectives of measuring the tensile strength of the peel test specimen and the 

stress-strain properties of the peel arm are to calculate the fracture energy needed to 

break the aggregate-bitumen bonds apart. In order to calculate the fracture energy 

values, several parameters need to be determined so as to input them in the ICPeel 

software to calculate the fracture energy. As introduced in Section 5.3.3, there are five 

parameters related to the properties of the aluminium peel arm. The tensile stress-strain 

test of the peel arm was performed at a speed of 10 mm/min until fracture occurred. 

The tensile stress-strain curve is shown in Figure 5-5. In order to describe the elastic 

and plastic deformation of the peel arm, the stress-strain curve should be fitted 

according to a bi- linear or power law form [5]. The purpose of the bi- linear and power 
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law curve fits is to obtain a number of parameters which are used to calculate the 

fracture energy. 

 

Figure 5-5 Stress-strain curve of peel arm test 

When     , 

                                                                                                                          (5-22) 

When     , according to the power law work hardening model: 

    (
 

  
)                                                                                                               (5-23) 

According to the bi-linear model: 

        (    )                                                                                              (5-24) 

where    is the yield stress,    is the yield strain,    is the elastic modulus of the peel 

arm,    is the plastic modulus of the peel arm,   is the work hardening coefficient o f 

the peel arm, and   is the ratio of plastic modulus to elastic modulus,     ⁄ . 

The measured stress-strain curve was modelled using the bi- linear and power law 

models as shown in Figures 5-6 and 5-7, respectively. From these two figures it can be 

seen that both models provide acceptable fit with high R2 values. Table 5-1 shows the 

parameters gained from the fitting process. It should be mentioned that the elastic 
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modulus of the peel arm obtained in this research (61 GPa) is lower in comparison with 

the existing literature with the value being around 70 GPa [5]. This measurement error 

may be because the stiffness of the UTM equipment is higher than the stiffness of the 

peel arm. During testing, a relatively lower tensile stress values obtained and finally 

results in lower elastic modulus when divided by the tensile strain. 

 

Figure 5-6. Tensile stress-strain curve fitted using bilinear model 

 

Figure 5-7 Tensile stress-strain curve fitted using power law model 
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Table 5-1 Plastic bending parameters of the peel arm 

Model type Parameters Quantity 

Bi-linear fit 

Low strain modulus, E1 61.0 GPa 

High strain modulus, E2 1.16 GPa 

Yield strain, εy 0.044 % 

α (E2/E1) 0.019 

Yield stress, ζy 26.84MPa 

 
Power law fit 

Low strain modulus, E1 61.0 GPa 

Constant, n 0.244 

Yield strain, εy 0.026 % 

Yield stress, ζy 16.16 MPa 

As shown in Section 5.3.3, the linear-elastic stiffness approach was selected in this 

research to characterise the fracture energy properties of aggregate-bitumen bonds. So, 

it is necessary to measure the Young‟s modulus of bitumen. The problem is that 

bitumen is a viscoelastic material; its Young‟s modulus can only be measured at 

extremely low temperature or high extension speed. However, the Young‟s modulus 

achieved cannot mirror the bitumen properties at experimental conditions (10 mm/min 

at 20°C). So, the elastic modulus of the bitumen was selected to replace the Young‟s 

modulus.  

To obtain the elastic modulus of the bitumen, the DSR results as shown in Chapter 3 

were used. Bitumen binders are viscoelastic  and behave with both viscous and elastic 

properties when deformation is applied. Furthermore, the viscoelastic properties of 

bitumen are also time-temperature dependent. This means that they behave like an 

elastic solid at low temperature or high deformation speed and like a viscous liquid at 

high temperature or low deformation speed. The experimental condition for the peel 

test is 10mm/min extension speed at the temperature of 20°C. So, it is of importance to 

derive the shearing frequency of DSR test which could represent the 10 mm/min 

extension speed and then calculate the elastic modulus of bitumen at the specific 

frequency at 20°C. The target strain      can be defined as follows: 

     
  

 
                                                                                                                  (5-25) 
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where   is the rotation angle (radians),   is the specimen radius (mm) and   is the 

specimen height (mm). 

So, the maximum deformation (    ) of the specimen is: 

                                                                                                                   (5-26) 

The total deformation distance in one sinusoidal cycle is four times the maximum 

deformation. So, the deformation speed for the DSR specimen is: 

                                                                                                             (5-27) 

where    is the deformation speed of the DSR specimen (mm/min),   is the shearing 

frequency (Hz), 60 represents there are 60 seconds per minute. 

As shown in Chapter 3, the specimen dimensions are 2 mm thick with a 4 mm radius, 

the target strain is 0.5%. By inputting these data into equations 5-26 and 5-27, the 

frequency which represents the speed of 10 mm/min is calculated as 4.17 Hz.  

The relationship between frequency and elastic modulus of the two types of bitumen 

used in this research are plotted in Figures 5-8 and 5-9. By inputting the calculated 

frequency in the trend- line, the elastic modulus of these two types of bitumen was 

measured as 4.4 MPa and 3.8 MPa for 40/60 pen bitumen and 70/100 pen bitumen, 

respectively.  
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Figure 5-8 Relationship between elastic and frequency modulus of 40/60 pen bitumen 

 

Figure 5-9 Relationship between elastic and frequency modulus of 70/100 pen bitumen 

The specimens prepared as shown in Section 5.3.1 were subjected to the peel test. All 

peel tests were conducted at 20°C with a speed of 10  mm/min, which is the same 

condition as for the peel arm stress-strain test. The tensile force was recorded by the 

Instron universal testing machine during testing and the tensile force versus 

displacement curve was plotted, as shown in Figure 5-10. It was observed that the 

tensile force remained at an approximately constant value after the initial stage. This 

means that the fracture experienced a steady propagation. Normally, at least 50 mm of 

constant crack propagation region will be defined with the average value of the tensile 
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force being calculated as shown in Figure 5-10. This average tensile force was used to 

calculate the values of the aggregate-bitumen fracture energy. 

Four tests were performed on each aggregate-bitumen combination. The average force 

of each sample and the parameters achieved previously were entered into the Microsoft 

Excel macro IC Peel software to calculate the fracture energy [7]. Fracture energy 

results in terms of both the bi- linear model and power law model were calculated. For 

all tests, the fracture energy calculated according to the bi- linear model is slightly 

higher than that from the power law model, but the difference is less than 5%. 

Therefore it is possible to select either model to analyse the different bitumen-aggregate 

combinations. In this research, the power law model was employed for the analysis. 

 

Figure 5-10 Measured tensile force-displacement curve for specimen prepared with 

40/60 pen bitumen and L1 substrate with 0.25mm film thickness 

5.4.2 Influence of bitumen and aggregate in the dry condition 

The purpose of the peel test was to determine the fracture energy of the aggregate-

bitumen bonds as a function of aggregate and bitumen type. Results are presented for 

four replicate tests performed on each aggregate-bitumen combination. The calculated 

average tensile force results of all specimens are shown in Table 5-2. The average force 

of each sample and the parameters described in Table 5-3 were entered into the 

Microsoft Excel macro IC Peel software to the calculate fracture energy. Table 5-4 
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shows three output parameters, which are fracture energy (  ), plastic work in bending 

(  ) and input energy (    ), and their average values and test variability (standard 

deviation) of all specimens. The average values obtained for the energy associated with 

plastic bending in the peel arm (  ) were 465 J/m2 and 331 J/m2, respectively for 40/60 

pen bitumen and 70/100 pen bitumen. The standard deviation of fracture energy results 

suggest that the peel test has low variability (less than 10%) which compares quite well 

with the variability of ±9% reported by Blackman et al. [5]. From Table 5-4, it can be 

seen that specimens prepared with the same bitumen have almost the same fracture 

energy in the dry condition, irrespective of which aggregate was used. The results  

suggest that in the dry state, cohesive failure controls the aggregate-bitumen bond and 

that the failure location is within the bitumen. These assertions agree with previous 

studies [8] related to dry aggregate-bitumen bonds. However, specimens prepared with 

B2 bitumen have significantly lower fracture energy than those with B1 bitumen. This 

is because B1 is stiffer than B2, so higher energy is needed to break it apart. This 

indicates that bitumen properties control the fracture energy in the dry condition. 

Table 5-2 Tensile force results for all specimens in the dry condition 

Bitumen Aggregate 
Tensile force (N) 

1 2 3 4 

B1 

(40/60) 

L1 29.8 26.9 28.2 30.4 

L2 29.0 29.5 29.0 27.1 

G1 30.6 28.7 30.4 28.7 

G2 33.3 27.7 28.5 28.5 

B2 
(70/100 

L1 15.4 15.3 15.4 14.6 

L2 14.6 17.4 14.9 13.8 

G1 16.3 13.9 15.1 15.4 

G2 16.2 14.3 16.4 15.3 
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Table 5-3 Relative parameters entered into the IC Peel software to calculate the fracture 

energy   

Parameters Quality 

Young‟s modulus of the peel arm,   69.0 GPa 

Yield strain of the peel arm,     0.044% 

Bilinear parameter of the peel arm,   0.019 

Thickness of the peel arm,   0.2 mm 

Width of the peel arm,   20 mm 

Thickness of adhesive layer,    0.25 mm 

Young‟s modulus of adhesive material,    
4.4 MPa for Ba bitumen  

3.8 MPa for B2 bitumen 

Peel angle,       
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Table 5-4 Three output parameters of all specimens in the dry condition 

Specimen 
Energy 
(J/m2) 

1 2 3 4 Average SD 

B1-L1 

   1020 898 953 1046 979 67.1 

   470 447 458 474 462 12.1 

     1490 1345 1410 1520 1441 79.2 

B1-L2 

   986 1008 986 906 972 44.8 

   464 467 464 449 461 8.2 

     1450 1475 1450 1355 1433 53.0 

B1-G1 

   1055 974 1046 974 1012 44.4 

   476 461 474 461 468 7.7 

     1530 1435 1520 1435 1480 52.1 

B1-G2 

   1171 931 965 965 1008 109.6 

   494 454 460 460 467 18.5 

     1665 1385 1425 1425 1475 128.1 

B2-L1 

   438 434 438 408 430 14.4 

   332 331 332 322 329 4.9 

     770 765 770 730 759 19.3 

B2-L2 

   408 476 457 416 439 32.5 

   322 344 338 324 332 10.8 

     730 820 795 740 771 43.3 

B2-G1 

   472 390 427 438 432 33.8 

   343 315 328 332 330 11.5 

     815 705 755 770 761 45.3 

B2-G2 

   468 397 476 434 444 36.0 

   342 318 344 331 334 12.1 

     810 715 820 765 778 48.0 

Note: B1 = 40/60 pen bitumen; B2 = 70/100 pen bitumen; L1 = limestone a; G1= 

granite 1; L2 = limestone 2; G2 = granite 2; SD = standard deviation.    = fracture 

energy (J/m2),    = plastic work in bending (J/m2), and      = input energy (J/m2). 
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5.4.3 Influence of film thickness 

With the purpose of characterising the influence of film thickness on fracture energy, 

the Peel Test was carried out with two bitumen types and L1 substrates with 

thicknesses from 0.2 mm to 0.9 mm in five steps: 0.2 mm, 0.25 mm, 0.38 mm, 0.5 mm, 

and 0.9 mm. The selection of one type of substrate is because the aggregate cannot 

influence the fracture energy as cohesive failure occurred in the dry condition. Figure 

5-11 illustrates the change in fracture energy due to the increase of film thickness with 

the original fracture energy values showing in Appendix A. As the bitumen film 

thickness was increased, the fracture energy of these two types of bitumen experienced 

a steady increase as more energy was dissipated in the bulk of the bitumen binder. This 

could be attributed to the increased viscous flow of the base bitumen as the bitumen 

film becomes thicker. Furthermore, large differences in the magnitude of fracture 

energy were shown between these two types of bitumen. The fracture energy for B1 

bitumen (40/60 pen) exceeded that of the B2 bitumen (70/100 pen) for every film 

thickness.  

 

Figure 5-11 Fracture energy of bitumen-limestone specimens at different film 

thicknesses 

If the fracture energy is divided by its film thickness, it gives the normalised toughness 

of each specimen. According to previous researchers [9], the normalised toughness is a 

better characterisation parameter than the energy per unit area for ductile thin films, 
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since there is no clearly defined area of fracture surface created in the ductile failure 

process [10]. Figure 5-11 presents the relationship between normalised toughness and 

film thickness. It was illustrated that the normalised toughness of these two types of 

bitumen decreased when the film thickness increased from 0.2 mm to 0.9 mm. In this 

film thickness region, the normalised toughness decreases with bitumen film thickness 

in a power law relationship. Fitting of the experimental data with a linear function 

produced coefficients of determination (R2) of 0.8741 and 0.8655 for the B1 bitumen 

and B2 bitumen, respectively. It can be seen that less energy was needed to fracture 

bitumen of unit volume when the film thickness increases from 0.2 mm to 0.9 mm. 

 

Figure 5-12 Relationship between normalised toughness and film thickness of bitumen 

5.4.4 Influence of moisture damage 

To simulate the effect of moisture on the adhesion properties between bitumen and 

aggregate, the whole specimens were submersed in water at 20°C for 7 days and 14 

days. During the moisture conditioning stage, moisture could reach the aggregate-

bitumen interface in three different ways: through the top and bottom aggregate, 

through the edge of the aggregate-bitumen interface and through the bitumen film. 

After moisture conditioning, specimens were removed from the water bath and then 

subjected to the peel test within a few hours. This conditioning method was considered 

to closely simulate the effect of moisture in an asphalt mixture. 
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In order to analyse the influence of bitumen on moisture damage for the same aggregate, 

the retained fracture energy of specimens after 7 days and 14 days moisture 

conditioning were calculated by dividing the conditioned fracture energy by the dry 

fracture energy, and the results are shown in Figure 5-13. The fracture energy values of 

all specimens after moisture conditioning are shown in Appendix B. After moisture 

conditioning, most of the specimens experienced a decrease in fracture energy, except 

for B1-L2 after 7 days conditioning. However, the specimens showed different fracture 

energy losses due to their different aggregate-bitumen combinations. For example, 

fracture energy losses in the samples containing G1 and L2 were the lowest for both 

bitumen types. The specimens prepared with G2 showed the highest fracture energy 

losses after moisture conditioning. It can be seen that, for the four aggregates used in 

this research, specimens containing the B1 bitumen showed slight higher percent 

retained fracture energy than those containing B2 bitumen. So, it can be concluded that 

the 40/60 pen bitumen used in this research has slightly better moisture durability in 

comparison with the 70/100 pen bitumen, based on the peel test. However, based on the 

results shown in Figures 5-13, it appears that the effect of bitumen on moisture 

sensitivity of aggregate-bitumen mixtures is minimal compared to the aggregate effects.  



 

111 
 

 

Figure 5-13 Effect of moisture conditioning time on retained fracture energy of 

different aggregate-bitumen combinations. (a) bitumen B1, (b) bitumen B2. 

The failure surfaces of samples prepared with the four aggregate substrates (L1, L2, G1 

and G2) and B1 bitumen before and after moisture condition are shown in Figure 5-14. 

Because B1 and B2 bitumen shown similar failure surface mode, only samples prepared 

with B1 bitumen were chosen to be analysed. Without moisture conditioning, all these 

four samples achieved cohesive failure within the bulk of the bitumen. That is why all 

aggregates show almost the same fracture energy in the dry condition. After moisture 

condition, the water could penetrate into the specimen and weaken the aggregate-

bitumen interface. However, the four aggregates presented in Figure 5-14 show 
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different failure surfaces. Aggregates L2 and G1 have shown almost 100% cohesive 

failure even after 14 days moisture conditioning. The L1 aggregate results in an 

adhesive-cohesive mixed failure with a portion of bitumen still attached with aggregate. 

For G2 bitumen, adhesive failure occurred. The failure surfaces of these four 

aggregates could also be correlated with the retained fracture energy as shown in Figure 

5-13(a). The cohesive failure surface for L2 and G1 aggregates correlate with the 

highest retained fracture energy. While the adhesive failure surface for G2 aggregate 

correlates with the lowest retained fracture energy.  

 

Figure 5-14 Failure surfaces of sample prepared with B1 bitumen in dry and after 14 

days moisture condition 

The results presented in Figure 5-13 show that the G1 and L2 aggregates have the 

highest retained fracture energy, with around 90% retained fracture energy after 14 

days moisture conditioning. L1 aggregate has the middle retained fracture energy, with 

about 80% retained fracture energy for B1 bitumen compared with 70% for B2 bitumen. 

The lowest result belongs to G2 aggregate, with only 23% of fracture energy being 

retained after moisture conditioning for both types of bitumen. 

The differences in moisture durability could be attributed to the mineral composition 

and water absorption of aggregates. As previously discussed in Chapter 3, there is a 
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strong correlation between certain aggregate minerals and aggregate moisture 

absorption. On this basis alone, it should be expected that degradation of bond strength 

in the presence of moisture should also be correlated to aggregate mineralogy. In an 

attempt to establish such a relationship, regression analysis was performed by using the 

retained fracture energy data (B1 bitumen 14 days) presented in Figure 5-13 and the 

mineralogical data presented in Figure 3-1. The regression followed the detailed 

procedure as shown in Chapter 3 and the obtained regression equation and relative 

parameters are shown in Equation 5-28. 

The results support the assertion that moisture sensitivity of aggregate-bitumen bonds 

are influenced mainly by the aggregate mineralogy. The model in Equation 5-28 also 

shows the detrimental effects of certain minerals such as dolomite, clay and anorthite 

on moisture susceptibility. The signs of the model parameters in Equation 5-28 are 

revealing. For example, calcite and chlorite carry a positive signs suggesting positive 

correlation between mineral composition and moisture resistance. The results agree 

with general experience [11, 12]. Other minerals carry negative signs, this suggests 

these minerals are negatively correlated with moisture resistance and thus have 

detrimental effects on moisture damage resistance of asphalt mixtures. Previous studies 

like Horgnies et al. have identified albite, quartz, and k-feldspar as minerals with a 

detrimental effect on aggregate-bitumen bond [8]. The results of the current study 

provide evidence for extending the list of detrimental aggregate minerals to include 

dolomite, clay and anorthite as well as supporting the case of considering calcite as a 

moisture resistant mineral. 

                                                        

                                                          

                                                                                                                            (5-28) 

where RS is the predicted retained fracture energy at 14 days (%); calcite is the amount 

of calcite mineral mass (%); dolomite is the amount of dolomite mineral mass (%); clay 

is the amount of clay minerals (%); quartz is the amount of quartz (%); albite is the 

amount of albite (%); anorthite is the amount of anorthite (%); kfeldspar is the amount 

of k-feldspar (%) and chlorite is the amount of chlorite (%). 
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5.5 Conclusions 

This chapter focused on the fracture energy evaluation of aggregate-bitumen bonds 

using the peel test. A detailed introduction of the sample preparation and the ICPeel 

software utilisation were first presented. Several factors, such as bitumen hardness 

(penetration), mineralogical properties of aggregates, film thickness, and moisture 

conditioning were considered in this chapter to analyse their influence on the fracture 

energy of aggregate-bitumen bonds. The following major findings can be taken from 

this chapter. 

The surface properties of aggregate cannot influence the fracture energies of specimens 

due to the cohesive failure regime experienced with the test at a temperature of 20°C 

and a displacement rate of 10 mm/min under dry conditions. However, bitumen type 

dominates the magnitude of the fracture energy with stiffer bitumen resulting in a 

higher fracture energy value. 

As film thickness increases, the fracture energy of the two types of bitumen 

experienced a steady increase. However, the normalized toughness decreased with 

increasing film thickness. Since the fracture energy and normalised toughness show 

film thickness dependency, it is of great importance to prepare specimens in which the 

bitumen film mirrors the bitumen film thickness of asphalt mixtures as closely as 

possible. 

After moisture conditioning, most of the specimens experienced a decrease in fracture 

energy. Based on the materials considered, changing the binder grade from 40/60 pen to 

70/100 pen produced a decrease in moisture durability for most aggregates. Strong 

correlations were also found between mineral compositions and moisture sensitivity 

with dolomite, clay and quartz having strong negative influence while calcite and 

chlorite showed positive effect on moisture sensitivity. Previous studies have identified 

various mineral phases like albite, quartz, and k-feldspar, as detrimental in terms of 

moisture sensitivity. The current study extended this list of detrimental aggregate 

minerals to include dolomite, clay and anorthite while supporting the case of calcite and 

chlorite as moisture resistant minerals. 
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6. Tensile strength - PATTI test and Pull-off 

test 

6.1 Introduction 

As presented in Chapter 5, fracture energy was used to characterise the 

adhesive/cohesive property of the aggregate-bitumen interface. This parameter 

represents the energy required to open a unit area of crack surface and proved to be 

sensitive to aggregate-bitumen bonding before and after moisture damage. Apart from 

this, there is another parameter named tensile strength that could also be used to 

evaluate the aggregate-bitumen bonding under different conditions. The tensile strength 

is defined as the maximum stress that a material can withstand while being stretched or 

pulled before failing or breaking.  

Two established tests, namely the Pneumatic Adhesion Tensile Testing Instrument 

(PATTI) test and the pull-off test were used in this section to evaluate the tensile 

strength of aggregate-bitumen bonding. By performing the tensile strength tests under 

different conditions, these two methods were modified based on the experimental 

facilities in the Nottingham Transportation Engineering Centre (NTEC).  

The objectives of this chapter are to evaluate the tensile strength of aggregate-bitumen 

bonds due to the influence of different conditions, such as temperature and moisture 

damage. The influence of each factor is determined by analysing available test results 

statistically. The results achieved from this chapter will also be compared with other 

bench mark results to evaluate the reliability and feasibility of these two modified 

tensile strength tests.  

6.2 Pneumatic Adhesion Tensile Testing Instrument (PATTI) test 

The Pneumatic Adhesion Tensile Testing Instrument (PATTI) test  was first developed 

by the National Institute of Standards and Technology (NIST) as a standard method 
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(ASTM D4541) used for paints and coatings [1]. Towards the end of the 1990s, this 

portable method attracted research attention to evaluate the mechanical strength of 

aggregate-bitumen adhesive joints [2]. Since then, the PATTI test has been used by 

many researchers for evaluating the adhesion of asphalt materials and the moisture 

susceptibility of asphalt binders [3, 4].  

The specimen used for the PATTI test is assembled by using an aggregate substrate and 

a steel pull-stub using bitumen as the adhesive. Aggregate plates were first prepared by 

wet cutting stone boulders using a diamond-edged blade saw. The slices were then sand 

paper (P800, 21.8 μm) ground to make sure the surface is flat. Then, the ground slices 

were cleaned using distilled water and dried at room temperature for at least 24 hours. 

In order to get a well bonded specimen, the aggregate surface and the pull-stub should 

be wiped carefully using a damp paper towel to remove any dust. After that, the 

aggregate and pull-stub are placed in an oven and heated to a temperature of 70°C for 

one hour.  The bitumen must be heated to 150°C for 1 hour to allow it to be fluid 

enough to coat the aggregate plate. The liquid bitumen is then poured onto a prepared 

aggregate plate (with dimensions of 100 mm × 100 mm × 20 mm) which is pressed 

immediately by a metal pull-stub to establish a good aggregate-bitumen bond. In this 

process the film thickness of bitumen was controlled by four raised edges on the pull-

stub to make sure all specimens have a 0.8 mm bitumen film thickness, as shown in 

Figure 6-1(a).  Finally, the excess bitumen at the edge of the pull-stub should be 

removed by using a heated palette knife. The prepared specimen for PATTI test is 

shown in Figure 6-1(b). 

     

Figure 6-1 Pull-stub in profile and bottom views (a) and the prepared specimen (b) 
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The PATTI equipment used in this research is made up of four main parts, which are 

the pressure release part, analysis software, piston and reaction plate, and camera, as 

shown in Figure 6-2. Figure 6-3 shows a cross-sectional schematic of the setup of the 

PATTI with the piston attached to a pull-stub which in turn is attached by means of the 

bitumen coating to the aggregate substrate. During testing, a constant air pressure 

generated from the CO2 pressure tank is transmitted to the piston which is placed over 

the pull stub and screwed onto the reaction plate. It should be mentioned that the speed 

of air release is controlled manually. The air pressure induces an airtight seal formed 

between the piston gasket and the aggregate surface. A constant rate of pulling pressure, 

which is set in the pressure control panel, is applied to the bonded specimen. The test 

generates data in the form of tensile pressure versus testing time which is recorded by 

the data acquisition system. After the test, the failure surface of the specimen can be 

recorded by using the camera to distinguish between cohesive and adhesive failure. The 

maximum tensile pressure to separate the bitumen from the substrate is captured by the 

software. This pressure is then converted to its pull-off tensile strength, as expressed in 

the following equation: 

     
(     )  

   
                                                                                                      (6-1) 

where,      is the pull-off tensile strength (kPa),    is air pressure (kPa),    is the 

contact area of gasket with the reaction plate (mm2),   is the piston constant and     is 

the area of pull-stub (mm2). 
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Figure 6-2 Equipment associated with PATTI test 

 

Figure 6-3 Cross-section view of piston attached to pull-stub [5] 

As a portable adhesion tester, the PATTI equipment has no temperature control system 

to maintain the specimen temperature during testing. So, the testing temperature is 

usually the environmental temperature when testing is performed. Because bitumen is a 

visco-elastic material, its properties are very sensitive to the temperature change. When 

performing the PATTI test without strict temperature control, the variation of 

temperature may influence the tensile strength values and mislead the final conclusion.  

In this research, the PATTI equipment and an environmental chamber were assembled 

together to evaluate the tensile strength under well controlled temperatures, as shown in 
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Figure 6-4. The reaction plate was placed inside the environmental chamber connected 

with the pressure release unit by placing the pressure air pipe through a hole with the 

diameter of 50 mm placed on the broadside of the environmental chamber. A rubber 

plug with the same dimensions as the hole was used to block the hole to maintain the 

inside temperature. The environmental chamber could accurately control the 

temperature in the range of -10°C - 40°C with the precision of ± 0.1°C. Specimens 

were first conditioned in the environmental chamber for 3 hours at the test temperature 

to get a homogeneous temperature distribution. Before testing, one conditioned 

specimen was installed on the piston and reaction plate followed by 1 hour of 

conditioning. During testing, the PATTI equipment was controlled from outside of the 

chamber to release a constant rate of pulling pressure to detach the specimen and record 

the maximum tensile pressure.  

 

Figure 6-4 The PATTI equipment connected with environmental chamber to control 

temperature 

6.3 Pull-off test 

An adhesion evaluation method based on the pull-off test is considered to be a simple, 

practical and reliable approach in characterising the bond strength between the adhesive 

materials and the substrate, especially in terms of the procedures for specimen 

preparation and testing. In pavement engineering research, the pull-off test is usually 
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conducted to evaluate the tensile strength necessary to detach the aggregate-bitumen 

bonds under different conditions. According to previous research, the size of contact 

area and the thickness of adhesive materials affect the adhesive bond strength based on 

the pull-off test [6]. The contact area of the adhesive material is very easy to control by 

changing the diameter of the substrates. However, the thickness of the adhesive 

material is difficult to control. By specifying the film thickness of bitumen, the volume-

density calculation method was performed to convert the film thickness to bitumen 

weight [7]. The film thickness could also be controlled by using the thickness of a 

metal block or spacers [4]. Though these methods theoretically control the film 

thickness, their shortcomings should not be neglected. For the volume-density 

calculation method, it is inevitable that there is a small amount of bitumen released out 

so that influences the thickness. Furthermore, by pouring the bitumen onto substrates, 

there is no guarantee that the bitumen and substrates can achieve full coating. In terms 

of the block or spacer method, it seems very difficult to control the film thickness to a 

very thin level.  

This research presents the development of a new pull-off test. The innovation of this 

test is the ability to accurately control bitumen film thickness using a modified dynamic 

shear rheometer. The test uses small aggregate substrates that permit realistic moisture 

conditioning and simplified custom-made direct tension fixtures that can be easily 

mounted on an Instron universal testing machine. The pull-off test set-up has been 

successfully used in the past to evaluate aggregate-bitumen mastic bonds [8]. The test 

set-up consists of three main parts: a moisture conditioning step designed to ensure 

characteristic moisture diffusion into the aggregate-bitumen interface, accurate 

determination of bitumen film thickness using a modified dynamic shear rheometer and 

direct tension fixtures mounted on an Instron universal testing machine. The capability 

to vary loading rate, accurately control film thickness and ensure moisture diffusion to 

the aggregate-bitumen interface are an important improvement over most existing pull-

off tests.  

Figure 6-5 shows the whole procedure in terms of sample preparation and pull-off test. 

For sample preparation, boulders of each aggregate were first drilled using a coring tool 

to get aggregate cylinders with 25 mm diameter. A trimming saw was used to cut the 

aggregate cylinders into discs with 5mm thickness. To obtain a relatively constant 
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surface roughness, both surfaces of the aggregate discs were polished using a rotary 

polishing machine with the fine sand paper (P4000, 5 μm). All discs were cleaned in an 

ultrasound cleaning machine for 15min and dried in an oven at a temperature of 40°C 

for 24 hours. The finished polished aggregate substrate is shown in Figure 6-5A. 

Two aluminum specimen holding plates (Figure 6-5B) were specially designed and 

fabricated to fit in a standard DSR (Gemini DSR). The plates had dimensions (diameter 

and thickness) which were similar to a DSR. They differ from a DSR top and bottom 

plate in terms of the provision of sample holders (2 mm tall rings with 3 screen pins, 

Figure 6-5B). 

 

Figure 6-5 Sample preparation and pull off test procedures 

With a view to precisely controlling the film thickness of the bitumen, two modified 

fixtures were designed to clamp the discs (Figure 6-5B) and then fixed into the DSR 

machine (Figure 6-5C). Firstly, the gap between the upper and lower surfaces should be 

set to zero and these two surfaces should be parallel. After establishing the zero gap and 

ensuring that the discs are parallel, a small amount of hot bitumen was placed on the 

lower aggregate surface (Figure 6-5D) and then pressed with the upper aggregate to 

achieve the required bitumen film thickness (Figure 6-5E), with a gap resolution of 1 

μm. In order to simulate the real bitumen film thickness in asphalt mixtures, the bitumen 
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film thickness was controlled at 20 μm. The sample was removed from the DSR after 

about 15 minutes of cooling and then the excess asphalt binder removed by means of a 

heated pallet knife, as shown in Figure 6-5F.  

Before the pull off test, the prepared sample was first fixed to two direct tension fixtures 

with three screws on each, as shown in Figure 6-5G. These two fixtures were then 

installed on the Instron machine (Figure 6-5H). During the test, an extension speed of 

10 mm/min and a temperature of 20°C were applied to break the interface (Figure 6-5I). 

After testing, the failure surfaces of each sample were photographed with a camera 

(Figure 6-5J) and the pull force was recorded by the Instron machine (Figure 6-5K). At 

least four repeat tests were made for each aggregate-bitumen combination. The results 

were used to calculate the tensile strength. Tensile strength was computed as the ratio of 

the peak load divided by the cross-sectional area of the bitumen film, as shown in 

Equation 6-2: 

   
 

                                                                                                                         (6-2) 

where     is tensile strength (Pa),   is the peak tensile force (N) and    is the radius of 

aggregate disc (m). 

6.4 Results for PATTI test 

6.4.1 PATTI cohesive and adhesive bond strength measurements in dry 

condition 

In order to characterise the influence of temperature on the bond strength, the PATTI 

test was performed at six temperatures from -10°C to 40°C at 10°C intervals. Samples 

and the reaction plate were conditioned in an environmental chamber for 3 hours to get 

a homogeneous temperature distribution. During the test, a constant rate of air pressure 

was applied to get repeatable results. Less than 40 seconds was needed to complete one 

test. 
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6.4.1.1 Influence of temperature and bitumen type 

Figure 6-6 shows examples of the applied pressure (tensile strength) versus time at 

different temperatures for samples prepared with B1 (40/60 pen) bitumen and G1 

substrate. It can be seen that the increase of applied pressure versus time at different 

temperatures is almost identical, confirming the successful application of a constant 

rate of pulling pressure for these tests. The specimen response is characterised by the 

linear increase in pressure (tensile stress) until the pressure exceeds the cohesive 

strength of the bitumen or the adhesive strength of the aggregate-bitumen system and 

suddenly decreases to zero. Failure can be taken to occur at the peak pressure (tensile 

stress) and is defined as the pull-off tensile strength. 

 

Figure 6-6 PATTI tensile strength versus loading time (B1 + G1). 

Four tests (similar to those shown in Figure 6-6) were performed for two bitumens with 

G1 and L1 substrates at each temperature and the average tensile strength versus 

temperature curves, as well as the error bars which represent the standard deviation of 

the original data, are shown in Figure 6-7. From this figure it can be seen that in the 

temperature range from -10°C to 10°C, the tensile strength of all four combinations of 

bitumen and aggregates shows an increasing trend from between 1500 kPa and 2500 

kPa to between 2500 kPa and 3500 kPa. However, as the temperature exceeds 10°C, all 

the specimens experienced a steady decline in terms of tensile strength with values 

dropping to only about 500 kPa at 40°C. It should be pointed out that the lowest 
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temperature does not correspond to the highest tensile strength. This phenomenon is in 

agreement with the relationship found for tensile strength versus bitumen stiffness 

modulus as shown in Figure 6-8 [9]. The tensile strength in Figure 6-8 was achieved 

from direct tension tests with a speed of 50 mm/min using cylindrical samples. These 

results show an equivalent behaviour where very high stiffness modulus (low 

temperatures) results in lower tensile strength [10]. 

As expected based on previous studies [11], samples prepared with B1 (40/60 pen) 

bitumen have a higher tensile strength than those prepared with B2 (70/100 pen) 

bitumen from 0°C to 40°C. It can therefore be concluded that bitumen with low 

penetration and high softening point can develop a stronger bond with aggregate under 

dry conditions. 

 

Figure 6-7 PATTI tensile strengths from PATTI test at different temperatures 
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Figure 6-8 Bitumen tensile strength versus stiffness modulus reported by Heukelom and 

Wijga [9]. 

6.4.1.2 Influence of Aggregate Type 

In the temperature range from -10°C to 10°C, as shown in Figure 6-7, tensile strengths 

for B1-G1 combination are over 10% higher when compared with those prepared with 

L1 aggregate. For B2 (70/100 pen) bitumen, this phenomenon only occurred at -10°C 

and 0°C due to the lower brittle to ductile transition temperature associated with the 

softer bitumen. A digital image of the failure surfaces at the end of the PATTI test were 

captured using the equipment‟s integrated camera for all the aggregate-bitumen 

combinations at all six test temperatures. Images of the failure pattern for the B1 (40/60 

pen) bitumen with G1 substrate are shown in Figure 6-9. The specimens prepared with 

B2 (70/100 pen) bitumen show similar failure surfaces, so only failure surfaces of B1 

bitumen were selected for analysis. From Figure 6-9 (a-c) it can be seen that failure 

surfaces from -10°C to 10°C exhibit cohesive-adhesive mix mode failure with the red 

areas are recognised as the adhesive failure.  

Based on the photographs obtained, the adhesive proportions of the specimens were 

analysed by the Image-J software. The percentage of adhesive section of each specimen 

was calculated by identifying the grayscale with results being 30% for -10°C, 23% for 

0°C and 18% for 10°C. This implies that the cohesive strength of bitumen is stronger 
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than the adhesive strength of the aggregate-bitumen interface. It also means that the 

tensile strength when adhesive failure occurs is influenced by the mineral properties of 

the aggregate. As G1 contains more Si and Al, which can form strong chemical bonds 

with carboxylic acids and sulfoxides in bitumen under dry conditions, the tensile 

strengths for the two granite-bitumen combinations were greater than the two 

limestone-bitumen combinations. This meant that at -10°C, the two types of bitumen 

(40/60 pen and the softer 70/100 pen) tended to have the same tensile strength with the 

same aggregate. 

With temperature increase, the two aggregates seem to give the same tensile strength. 

This is due to the failure mechanism show cohesive failure as shown in Figure 6-9(d-f). 

The adhesive strength at the bitumen-aggregate interface exceeds the bitumen cohesive 

strength at temperatures of 20°C and higher. In this region, the mineral properties of the 

aggregate cannot influence the tensile fracture strength results. 

 

Figure 6-9 Failure surfaces of B1 bitumen with G1 aggregate samples at different 

temperatures: (a) -10°C, (b) 0°C, (c) 10°C, (d) 20°C, (e) 30°C (f) 40°C. The red area 

showed the adhesive failure. 
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6.4.1.3 Failure surface analysis 

From -10°C to 10°C, as shown in Figure 6-9 for the B1 (40/60 pen) bitumen with G1 

substrate, the failure surfaces are flat and shiny and their texture is smooth. In addition, 

there is no evidence of voiding being observed in these specimens. Within this 

temperature region, the B1 (40/60 pen) bitumen can be considered to behave in a brittle 

manner. As bitumen, aggregate and the steel stub have different Poisson‟s ratios and 

Young‟s moduli, when load is applied to the specimen, it is impossible to get the same 

tensile stress everywhere, as the stress distribution is non-uniform. Also, during sample 

preparation, it is hard to get ideal adhesion without any physical defect around the edge, 

especially at the aggregate-bitumen interface. The faults existing around the film edge 

play an important role as stress concentrators. During the test, the stress which is 

applied to the specimen is focused on these faults to cause the fracture to start at these 

points. At the same time with temperature decrease, the bitumen becomes harder and 

more likely to experience a brittle-type failure mode. This brittle failure, together with 

the shift from cohesive to adhesive failure, results in a decrease in the tensile fracture 

strength as the temperature decreases from 10°C to -10°C. 

When the temperature is over 20°C, several round voids exist on the failure surfaces. 

With increasing temperature, the size of the voids increase but the quantity (number) of 

voids decreases. This is because the bitumen transforms from brittle behaviour to 

ductile behaviour as the temperature increases. The void formation can be explained by 

the flow and voiding failure mechanisms for ductile failure of bitumen films [12]. At 

low aspect ratios A = D/h (film diameter D and thickness h), no voiding is observed 

and the material flows over the central area of the specimen. If the specimen has high 

aspect ratio but very low strain rate, voids are formed during the fracture process but 

they do not leave visible evidence on the final surface. When samples have aspect ratios 

in the range of 8-100, voids nucleate and coalesce. In this test, the aspect ratio of the 

sample is over 25, so all failures behave with this voiding mechanism at high 

temperatures. For samples at 20°C, voids are visible but do not fully coalesce on the 

failure surface because the binder viscosity is still relatively high at this temperature. 

With temperature increase, binder viscosity decreases gradually so that it can flow more 

easily and small voids combine into bigger voids. 
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6.4.2 Cohesive and adhesive bond strength measurements after moisture 

damage 

For each aggregate-bitumen combination, four specimens were tested to get their 

average result to compare with other conditions. Through this  test, the tensile strength 

can be measured and an image of the failure surface taken. The average tensile strength 

results before moisture conditioning are shown in Table 6-1, while the original data are 

shown in Appendix C. In the dry condition, specimens prepared with B1 bitumen 

showed higher tensile strength than those prepared with B2 bitumen. In addition, the 

aggregate type did not influence the tensile strength when used with the same bitumen. 

The phenomenon in the dry condition correlates well with the peel test results.  

Table 6-1 Dry tensile strength (kPa) of aggregate-bitumen bonds in the dry state at 
20°C (PATTI).  

Sample ID 
Mean ± SD (kPa) 

L1 L2 G1 G2 

B1 1820 ± 209 1805 ± 95 1831 ± 138 1840 ± 161 

B2 1359 ± 71 1495 ± 45 1504 ± 185 1486 ± 117 

Note: B1 = 40/60 pen bitumen; B2 = 70/100 pen bitumen; L1 = limestone  1; L2 = 

limestone 2; G1= granite 1; G2 = granite 2; SD = standard deviation 

The differences in moisture sensitivity for different aggregate-bitumen combinations 

could be explained by the remaining percentage of bond strength after moisture 

conditioning which was achieved by dividing the conditioned bonding strength by the 

dry bonding strength, as shown in Figure 6-10. The bonding strength values of all 

specimens before and after moisture conditioning are shown in Appendix C. From this 

figure it is clear that all samples experienced a decline in their retained bonding 

strength after moisture conditioning. However, the declining rates of bonding strength 

are different for different bitumen aggregate combinations. In terms of the B1 bitumen, 

as shown in Figure 6-10a, specimens prepared with G1 and L2 aggregates have the 

highest retained strength with the results being 69% and 68%, respectively, after 14 

days of moisture conditioning. This means that G1 and L2 aggregates have good 

moisture resistance. However, G2 aggregate shows the lowest retained strength with 47% 

of the tensile strength retained which means poor moisture resistance. Specimens 
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prepared with B2 bitumen (Figure 6-10b) showed the same ranking, with G1 and L2 

aggregates having the best resistance to moisture- induced damage, while G2 aggregate 

shows the worst moisture resistance. The trend in terms of the retained tensile strength 

correlates well with the retained fracture energy results as shown in Chapter 5.  

Figure 6-11 shows the failure surface of specimens before and after moisture 

conditioning. In dry conditions, all specimens show a cohesive failure surface. This 

phenomenon explains why all aggregates have almost the same tensile strength in the 

dry condition, as shown in Table 6-1. After moisture conditioning, the failure surfaces 

tend to change to adhesive due to the impact of moisture. It can be seen that the B1-L2 

and B1-G1 specimens retained the highest percentage of cohesive failure section, 

followed by B1-L1 specimen. The B1-G2 specimen retained the lowest retained 

cohesive surface. Furthermore, some relationship was found between the retained 

tensile strength and failure surface with more cohesive surface resulting in higher 

retained tensile strength. Taking G1 and G2 for instance, specimens prepared with G1 

aggregate have more cohesive failure area in comparison with G2 aggregate. So, higher 

retained tensile strength results were formed for specimens with G1 aggregate rather 

than G2 aggregate. It can be concluded that the failure surface can reflect the retained 

tensile strength with higher cohesive percentage resulting higher retained tensile 

strength. 
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Figure 6-10 Retained bonding strength obtained from the PATTI test after moisture 

conditioning showing the effect of aggregate type on moisture sensitivity of aggregate-

bitumen bonds at 20°C: (a) bitumen B1, (b) bitumen B2. 

 

 



 

133 
 

 

Figure 6-11 Sample failure surfaces for dry and moisture-conditioned aggregate-

bitumen bonds tested in the PATTI test. Note: moisture conditioning time for all 

specimens in this Figure is 14 days. 

6.5 Results for Pull-off test 

All pull-off tests were performed at a temperature of 20°C with the same extension 

speed as the peel test (10 mm/min). In order to simulate the real bitumen film thickness 

in asphalt mixtures, the bitumen film thickness was controlled at 20 μm. During the 

pull-off test, because the L1 aggregate is very soft, the fixtures could not mount the 

specimens properly. So, the samples prepared with L1 aggregate tended to break in the 

aggregate rather than the bitumen film or aggregate-bitumen interface. An alternative 

method to mount L1 specimens into the fixtures will need to be designed in the future. 

So, only specimens prepared with G1, L2 and G2 achieved reliable results. 

6.5.1 Influence of aggregate and bitumen on tensile strength in dry condition 

Four replicate tests were performed on each aggregate-bitumen combination. The 

average tensile strength of each aggregate-bitumen bond in the dry condition was 

calculated using Equation 6-2. The results are depicted in Table 6-2 together with the 

test variability (standard deviation); the latter suggesting that the new pull-off test has 

low variability with a coefficient of variability ranging from about 5-16%. The original 

tensile strength of all specimens in the dry condition are shown in Appendix D. It can 



 

134 
 

be seen from Table 6-2 that samples prepared with bitumen B1 have higher tensile 

strength in comparison with bitumen B2. This phenomenon correlates well with the 

DSR results with shear complex modulus higher for B1 than B2, as shown in Chapter 2. 

In addition, this result also correlates with the peel test results and PATTI test results. It 

can be demonstrated that bitumen with higher shear complex modulus results in higher 

tensile strength. In terms of the same bitumen, samples prepared with different 

aggregates tend to yield similar tensile strength. This suggests that, in the dry condition, 

the tensile strength of samples is controlled mainly by the bitumen properties, aggregate 

effects appear minimal. One reason for this observation is that damage was mainly 

cohesive (i.e. within the bitumen) but not interfacial. 

Table 6-2 Dry tensile strength (kPa) of aggregate-bitumen in the dry state at 20°C (Pull-
off test).  

Sample ID 
Mean ± SD (kPa) 

L2 G1 G2 

B1 1920 ± 103 1947 ± 199 1938 ± 259 

B2 1425 ± 147 1386 ± 72 1413 ± 128 

B1 = 40/60 pen bitumen; B2 = 70/100 pen bitumen; L2 = limestone 2; G1= granite 1; 

G2 = granite 2; SD = standard deviation 

6.5.2 Influence of moisture damage on Pull-off test 

Due to their much smaller dimensions, the moisture damage process for the pull-off test 

is faster than for the peel or PATTI tests. The specimen prepared with G2 aggregate 

separated at the bitumen-aggregate interface without loading after 14 days moisture 

conditioning thereby demonstrating that 14 days of conditioning time is too long to get 

comparable results with the PATTI test. In this part of the study, the conditioning times 

were shortened to 1 and 7 days. 

6.5.2.1 Effect of moisture conditioning on loading behaviour 

To simulate the effect of moisture on the stress-strain properties of the aggregate-

bitumen combined samples, moisture conditioning was applied at 20°C over periods of 
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1 day and 7 days. Figure 6-12 shows the influence of increasing moisture conditioning 

time on the load-displacement behaviour of samples prepared with bitumen B1 and the 

three aggregates. From this figure it can be seen that the tensile loads for all specimens 

decreased after moisture conditioning. In terms of the load-displacement curve, B1-L2 

and B1-G2 with 1 day moisture conditioning experienced a sharp decrease once they 

reached the peak load, which is totally different from other specimens. This may be due 

to the short-term moisture conditioning for these two specimens hardening the bitumen 

and it having no chance to release during extension. Due to the lower moisture 

absorption of G1 aggregate as shown in Chapter 3, it is not easy for water to penetrate 

into the aggregate-bitumen interface and harden the bitumen so that the sharp decrease 

of tensile load does not appear in B1-G1. 
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Figure 6-12 Effect of moisture on load-displacement behaviour of aggregate-bitumen 

combined samples before and after moisture conditioning. Samples were conditioned in 

water at 20°C; loading rate was 10 mm/min (Pull-off test). 
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6.5.2.2 Effect of moisture on retained strength 

Retained strength, the ratio of bond strength after a given level of moisture conditioning 

to the dry bond strength, is a common measure of moisture sensitivity of asphalt 

mixtures. The higher the retained strength of an asphalt mixture, the better the moisture 

damage resistance of the bond. Figure 6-13 shows the effect of conditioning time on 

retained tensile strength of the aggregate-bitumen bond. The tensile strength values of 

all specimens before and after moisture damage are shown in Appendix D. From this 

Figure it can be seen that specimens which contain L2 or G1 aggregate show good 

moisture resistance with over 75% tensile strength retained after 7 days conditioning. 

On the contrary, the moisture effect was more pronounced in the specimens containing 

G2 aggregate where the strength decreased by over 80% and 40% for B1 and B2 

bitumen, respectively. Aggregate L2 and G2 have similar moisture absorption 

properties, but they show obviously different moisture sensitivity. This result suggests 

moisture absorption alone is not an indicator of moisture damage, the mineralogy of the 

aggregate is also important. Another reason for the differences observed in L2 and G2 

could be that because G2 contains a large amount of albite and quartz, the bonds 

formed with bitumen are quickly broken in the presence of water. The results showing 

better resistance to moisture-induced damage for specimens containing limestone rather 

than granite are in agreement with previous studies [13, 8]. However, although G1 is 

granite, but because of its lower moisture absorption, it is hard for water to diffuse 

through the aggregate into the aggregate-bitumen interface so there is no weakening of 

the bond. On this basis, it is reasonable to state that the moisture- induced damage of 

aggregate-bitumen bonds is not only controlled by the mineralogical composition but 

the moisture absorption of aggregate should also be considered. The differences in 

retained strengths between G1 and G2 could be attributed to higher moisture absorption 

of the latter. This result combined with the L2 results previously discussed leads one to 

conclude that for susceptible aggregates, the amount of moisture absorption is a 

significant factor. 

In terms of the same aggregate, specimens prepared with B2 bitumen show slightly 

better resistance to moisture damage in comparison with B1. This is in contrast to 

previous studies with stiffer bitumen have better moisture resistance [14]. This may be 

due to the dimensions of the specimen used for pull-off test. During aggregate substrate 
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preparation, it is very hard to make sure all substrates get a thickness of 5 mm. The 

difference in the substrate thickness can influence the speed and amount of water 

delivered to the aggregate-bitumen interface and finally influence the moisture 

resistance. In addition, because the designed bitumen film thickness is very thin (20 

μm), a little un-parallel of the top and bottom aggregate surfaces may obviously impact 

the consistency of the bitumen film thickness. The variation in the film thickness can 

directly influence the tensile load so as to affect the moisture resistance. However, more 

tests need to be done to confirm this conclusion.  

 

Figure 6-13 Effect of moisture conditioning time on tensile strength of different 

aggregate-bitumen combinations obtained from pull-off test. In general acidic 
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aggregate performed worse than basic aggregates. The combination of bitumen B1 with 

aggregate G2 performed worst: (a) bitumen B1, (b) bitumen B2. 

6.5.2.3 Moisture effects on failure type 

Figure 6-14 shows the effect of increasing conditioning time on the failure surface of 

aggregate-bitumen specimens. Without moisture conditioning, cohesive failure 

occurred in the bulk of the bitumen film. Under this condition, the tensile strength 

depends on the cohesive bond of the bitumen film. So, the same bitumen shows almost 

the same tensile strength, no matter which aggregate was used. After moisture 

conditioning, the water could penetrate into the specimen and weaken the aggregate-

bitumen interface. The failure tends to transfer from cohesive to an adhesive-cohesive 

mix with the increase of conditioning time. It can be seen that specimens prepared with 

L2 retained the most cohesive failure, followed by G1 and specimens with G2 showed 

the least cohesive failure. Specimens with G2 aggregate even show totally adhesive 

failure after 7 days moisture conditioning. The results demonstrated that, with similar 

moisture absorption properties, limestone showed better resistance to moisture- induced 

damage than granite. The results show that the effect of aggregate is more dominant 

than the effect of bitumen type. 
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Figure 6-14 Failure surface of aggregate-bitumen bonds exposed to moisture: top 

bitumen B1; bottom bitumen B2. The effect of bitumen type is minimal compared with 

the effect of aggregate type 
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6.6 Conclusions 

This chapter presents the findings from an investigation of the tensile strength of 

different aggregate-bitumen combinations in dry and after moisture damage conditions 

using an improved PATTI test and a pull-off test system. In this research, the improved 

PATTI test could accurately control the temperature from -10°C to 40°C while the pull-

off test has the capability to accurately control the bitumen film thickness and loading 

rate. The influence of temperature on tensile strength of aggregate-bitumen was 

evaluated using the PATTI test with an environmental chamber to control the 

temperature. Tensile strength and retained tensile strength were used as measures of 

moisture sensitivity of the aggregate-bitumen bonds. The following conclusions were 

reached based on the results presented in this chapter. 

The tensile strength of the bitumen film and the aggregate-bitumen interface measured 

with the PATTI test was shown to be sensitive to temperature. The failure pattern was 

shown to change from cohesive failure to mixed cohesive/adhesive failure as the test 

temperature decreased from 40°C to -10°C. At the same time, the bitumen failure 

behaviour changes from brittle to ductile as the temperature increases from -10°C to 

40°C. These combined effects resulted in the maximum tensile fracture strength for the 

various bitumen-aggregate combinations occurring at approximately 10°C. 

In the dry state, for both tests (PATTI test and Pull-off test) at 20°C, the loci of failure 

of all the aggregate-bitumen combinations were cohesive. The effect of bitumen grade 

was significant with samples prepared with B1 (40/60 pen) bitumen having higher 

tensile strength than those prepared with B2 (70/100) pen bitumen. The results suggest 

that the bitumen grade controls the aggregate-bitumen bond strength in the dry state to 

a higher extent than aggregate type. 

The bond strength of the various aggregate-bitumen combinations measured with these 

two tensile strength tests was shown to be sensitive to moisture conditioning. The 

failure pattern was shown to change from cohesive to mixed cohesive/adhesive and 

even adhesive failure as the conditioning time extended. These two tests showed similar 

ranking in terms of moisture sensitivity but the pull-off test was found to be the most 

sensitive. The higher sensitivity of the pull-off test could be attributed to smaller 
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specimen geometry that allowed faster moisture diffusion into the aggregate-bitumen 

interface where damage is believed to be initiated. 

Results suggest that the moisture damage of different aggregate-bitumen combinations 

could be explained by the moisture absorption and mineralogical compositions of 

aggregates. With the same moisture absorption, limestone tends to have better 

resistance to moisture damage than granite. Furthermore, in terms of similar 

mineralogical compositions, lower moisture absorption may result in better moisture 

resistance. 
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7. Composite Substrate Peel Test (CSPT) 

7.1 Introduction 

As presented in Chapter 5, the peel test has been successfully used to evaluate the 

moisture sensitivity of different aggregate-bitumen combinations. The peel test is based 

on the fracture mechanics approach to measure the adhesive fracture energy of 

aggregate-bitumen joints tested in both the dry state and after being conditioned in 

moisture. When preparing the peel test specimen, a large flat aggregate surface with 

regular shape should be initially prepared. In this case, only large stone boulders (>200 

mm) could be used for the substrate preparation. However, commonly used asphalt 

mixture aggregates are crushed coarse aggregates which are significantly smaller than 

stone boulders. So, a newly developed procedure to prepare a composite substrate using 

coarse aggregates was applied in this chapter. The innovation of this procedure is the 

ability to combine several coarse aggregates together and get a flat aggregate surface 

that can be easily used for the peel test. The objectives of this chapter are to describe 

the detailed procedures of the newly developed composite substrate peel test (CSPT) 

and evaluate the susceptibility of the aggregate-bitumen bonds to moisture damage 

based on the values obtained from the newly developed test as compared to the 

standard peel test. The reliability of the newly developed peel test was also evaluated 

using the standard peel tests. 

7.2 Experimental program 

7.2.1 Substrate preparation 

For the peel testing used in Chapter 5, the specimens should be rectangular, with the 

rigid aggregate and the flexible peel arm adhered along most of the length. The rigid 

aggregate should be thick enough to withstand the expected tensile force. At the same 

time, the flexible peel arm should have good adhesion with bitumen to avoid fracture at 

the interface. In this research, an aluminium alloy with a thickness of 0.2 mm was 
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selected as a flexible peel arm. According to Chapter 5, the aggregate substrates were 

produced from aggregate boulders with the overall dimensions selected as 150 mm × 

20 mm × 10 mm. 

By preparing the aggregate substrates, the stone boulders were first wet-sawn to get 

aggregate slabs with a thickness of 10 mm. Then, the aggregate slabs were trimmed to a 

size of 150 mm long and 20 mm wide, as shown in Figure 7-1a. In this case, only big 

stone boulders (>200 mm) could be used for the substrate preparation. However, the 

commonly used asphalt mixture aggregate are crushed coarse aggregates (20 mm-32 

mm) which are significantly smaller than stone boulders. So, it is necessary to design a 

new procedure to prepare an aggregate substrate by using eas ily accessible asphalt 

mixture coarse aggregates. 

This research presents the development of a novel method to prepare a composite 

substrate using crushed coarse aggregates (Figure 7-1b) as a more practical replacement 

for the aggregate substrate prepared from boulders (Figure 7-1a). The innovation of this 

procedure is the ability to combine several coarse aggregates together and get a flat 

surface that can be used for the peel test. 

 

Figure 7-1 Aggregate substrate and coarse aggregates: (a) substrate must be prepared 

from large boulders, while (b) coarse aggregates are readily available in most labs. 

In order to combine the coarse aggregates together, a mould made up from five 

aluminium plates was designed and is shown in the schematic diagram in Figure 7-2. 

These five aluminium plates could be assembled together by using eight screws to 

produce inside dimensions of 150 mm × 20 mm × 50 mm. 
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Figure 7-2 Schematic of the aluminium mould used for composite substrate preparation 

Figure 7-3 shows the whole procedure in terms of substrate preparation using coarse 

aggregates. For the substrate preparation, graded or crushed rocks with sizes passing 50  

mm and retained on 20 mm were first trimmed using a trimming saw (as shown in 

Figure 7-3a) to get an appropriately rectangular aggregate with one dimension being 

less than 20 mm. The trimmed coarse aggregates are shown in Figure 7-3b. The 

aluminium mould was then assembled and a release compound (Dow Corning DC4) 

used to grease the inside of the mould surface to avoid it sticking to the epoxy resin 

used in the next step, as shown in Figures 7-3c and d. An epoxy resin bonding material 

(Araldite 2000), as shown in Figure 7-3e was prepared by mixing the two components 

together according to the required proportions. The trimmed aggregates were assembled 

into the mould followed by filling the spaces in the mould with the epoxy resin as 

shown in Figure 7-3f. The assembled mould was stored at room temperature for 24 

hours to allow the epoxy resin to cure. After 24 hours of curing, the mould was 

disassembled and the cured sample tipped out, as shown in Figure 7-3g. Finally, the 

cured sample was cut down the middle to get two substrates with a thickness no less 

than 10 mm, as shown in Figure 7-3h. 
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Figure 7-3 Procedures for aggregate substrate preparation: (a) trimming saw, (b) 

aggregates after trimming, (c) release compound, (d) assembled mould, (e) epoxy resin, 

(f) combine trimmed aggregates in the mould and fill the gaps with epoxy resin, (g) 

cured composite aggregate, (h) composite substrate used for peel test. 

7.2.2 Adhesion specimen fabrication 

The aggregate substrates, including the standard aggregate substrates and composite 

substrates using coarse aggregates, with dimensions of 150 mm   20 mm   10 mm 

were prepared as previously described. They were then bonded to the aluminium peel 

arm using bitumen as the adhesive layer. The thickness of the bitumen adhesive layer is 

controlled by placing five wire spacers on the aggregate and results in a 0.25 mm film 

thickness. The sample preparation consists of the following steps [1]: 

1. Surface pre-treatment. Aggregate substrate was ground using sand paper to get a 

smooth surface. The ground substrate and peel arm are then gently wiped using 

a damp paper towel to remove any dust.  
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2. Pre-heating the aggregate and the bitumen. The aggregate and peel arm are then 

placed in an oven at 150°C for 1 hour. Bitumen is preheated to 150°C prior to 

making the joint.  

3. Placing the sharp crack initiator. A release poly tetra fluoro ethylene (PTFE) 

film with dimensions of 20 mm × 12 mm × 75 μm is placed on the aggregate 

surface at one end.  

4. Five wire spacers with a length of 20 mm are placed on the aggregate. The 

diameter of the wire controls the thickness of the bitumen (adhesive) layer.  

5. The liquid bitumen is applied (at 150°C) evenly along the surface of the 

aggregate.  

6. The preheated aluminium peel arm (of length 50 mm longer than the aggregate 

substrate and of thickness 0.2 mm) is placed on the top of the bitumen layer.  

7. Gentle pressure is applied on top of the joint to control the thickness of the 

bitumen layer. The pressure should be uniformly distributed over the bond area. 

The excess bitumen at the edges of the specimen was trimmed with a heated 

knife with the prepared specimens shown in Figure 7-4.  

8. All specimens were stored at room temperature ready for further testing. 

 

Figure 7-4 Prepared adhesion specimens used for peel test 
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7.2.3 Moisture conditioning 

The prepared aggregate-bitumen adhesion specimens were tested in the dry condition or 

after moisture conditioning. Moisture was introduced into the aggregate-bitumen 

interface by submerging the completed specimens in deionized water at 20°C for 7 days 

or 14 days, as shown in Figure 7-5. During the conditioning period, moisture could 

reach the aggregate-bitumen interface and directly attack the bond. The specimens 

should be tested within 1 hour after removing them from the water bath. 

 

Figure 7-5 Moisture conditioning of adhesion specimens 

7.2.4 Parameter evaluation 

A universal testing machine (UTM) which can supply a constant rate of grip separation 

was used to measure the tensile force during the peel test. The sample was attached to a 

linear bearing to get a highly accurate and smooth motion. During testing, the free end 

of the peel arm was gripped by the UTM fixture and stretched up at a speed of 10 

mm/min with the peel angle maintained at 90°, as shown in Figure 7-6. The tensile 

force was recorded during the fracture development and the results used to  calculate the 

fracture energy. 
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Figure 7-6 Details of peel test equipment 

The achieved peel force was first used to calculate the uncorrected adhesive fracture 

energy, using equation 7-1 as follows: 

  
 

 
(      )                                                                                                       (7-1) 

where   is the average peel force,   is the width of the adhesive surface and   is the 

applied peel angle (90°). 

Then, the corrected fracture energy is obtained by removing the energy associated with 

the plastic bending of the peel arm: 

                                                                                                                      (7-2) 

where    is the corrected fracture energy and    is the energy associated with the 

plastic bending of the peel arm. 

In order to calculate the fracture energy of the aggregate-bitumen bond, the mechanical 

properties of the aluminium peel arm were first determined using the same tensile speed 

as the peel test. In order to describe the elastic and plastic deformation of the peel arm, 

the stress-strain curve should be fitted with a bi- linear or power law equation. The 

purpose of the bi- linear and power law curve fits is to get a number of parameters 

which are used to calculate the fracture energy. The following parameters of the bi-
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linear model (Eq. 7-3) for the peel arm were used for the plastic corrections as 

described in the following equation: 

        (    )                                                                                                (7-3) 

where    is yield stress and    is the yield strain,    is the elastic modulus of the peel 

arm,    is the plastic modulus of the peel arm and   is the ratio of plastic modulus to 

elastic modulus,     ⁄ . 

The measured stress-strain curve was modelled using the bi- linear model and the 

parameters gained from the fitting process are shown in Table 7-1. The value of 

corrected fracture energy was then calculated using large displacement beam theory.  

Table 7-1 Plastic bending parameters of the peel arm based on bi-linear model fit 

Parameters Quantity 

Low strain modulus, E1 61.0 GPa 

High strain modulus, E2 1.16 GPa 

Yield strain, εy 0.044 % 

α (E2/E1) 0.019 

Yield stress, ζy 26.84MPa 

 

7.3 Results 

7.3.1 Fracture energy calculation for CSPT  

The purpose of the peel test was to determine the fracture energy of aggregate-bitumen 

bonds as a function of material type and moisture conditioning time. Results are 

presented for four replicate tests performed on each aggregate-bitumen combination. 

The tensile force was recorded by the UTM during testing and the tensile load versus 

displacement curve was plotted. For the standard peel test, the tensile force tends to 

remain at an approximately constant value after the initial stage. Normally, around 50  

mm of constant crack propagation region will be selected for the average tensile force 

calculation and this procedure has been presented in Chapter 5. 
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In terms of the newly designed CSPT, the method to calculate the average tensile force 

shows some differences in comparison with the standard peel test. One type of 

specimen (G2) was selected to illustrate this point, as shown in Figure 7-7. In the dry 

condition, as shown in Figure 7-7a, the tensile force values were constant with the 

development of the fracture. This means that the average tensile force could be 

calculated using the same approach as the standard peel test. After moisture 

conditioning, the tensile force is not constant and three obvious fluctuations occurred 

with the crack propagation, as shown in Figure 7-7b. In this condition, the tensile force 

results in fluctuations need to be removed and the retained values were used to 

calculate the average tensile force. The choice was set based on the peak heights with 

the values which over half of each peak values were not involved in the calculation. As 

shown in Figure 7-7b, the values over the vertical red lines were removed. In addition, 

the results at the beginning of the curve were removed. The average force of each 

sample and the parameters in Table 7-1 were entered into the Microsoft excel macro IC 

Peel software to calculate the fracture energy values [2]. 
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Figure 7-7 Measured tensile load-displacement curve of: (a) B1-G2 in dry condition 

using CSPT and (b) B1-G2 after 14 days conditioning using CSPT. The three 

fluctuations presented in Figure 7-7b is because the epoxy resin segments between two 

aggregates result in high bond strength with bitumen even after moisture conditioning. 

7.3.2 Fracture energy in dry condition 

Specimens prepared with B1 bitumen and five coarse aggregates (L1, L2, G1, G2 and 

G3) were subjected to the CSPT. The aggregates were first combined together using 

epoxy resin and the self-designed mould followed by preparing the peel test specimen, 

as shown in Sections 7.2.1 and 7.2.2. The tensile load and fracture energy of specimens 
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before and after moisture damage were evaluated based on the procedures in Sections 

7.2.4 and 7.3.1. 

Table 7-2 shows the average fracture energy and test variability (standard deviation) of 

specimens before moisture conditioning with results being achieved from the newly 

designed CSPT. The standard deviation suggests the test has low variability. From this 

Table it can be seen that all specimens have almost the same fracture energy in the dry 

condition, irrespective of which aggregate was used. Without moisture conditioning, a 

cohesive failure occurred within the bulk of the bitumen, as shown in Figure 7-8. The 

fracture energy depended on the cohesive bond in the bulk of the bitumen layer. This  is 

why all aggregates show almost the same fracture energy in the dry condition.  

Table 7-2 Dry fracture energy (J/m2) of aggregate-bitumen bonds in the dry state at 

20°C using the newly designed composite substrate peel test.  

Methods 
Fracture Energy Mean ± 1 SD (J/m2) 

B1-L1 B1-L2 B1-G1 B1-G2 B1-G3 

CSPT 992 ± 9.4 987 ± 26.3 1003 ± 6.7 982 ± 7.8 983± 7.3 

Note: SD = standard deviation 

 

Figure 7-8 Failure surface of specimens prepared with G2 coarse aggregates in dry 

condition 

7.3.3 Failure behavior after moisture conditioning 

To simulate the effect of moisture on the bonding properties between bitumen and 

aggregate, the whole specimens were submersed in water at 20°C for 7 days and 14 

days. During that time, moisture is able to reach the aggregate-bitumen interface in 

three different ways: through the top and bottom of the aggregate, through the edge of 

aggregate-bitumen interface and through the bitumen film. After moisture conditioning, 
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specimens were removed from the water bath and then subjected to the peel test within 

1 hour.  

In this research, the loading behavior and failure surface of two granite samples were 

selected for detailed analysis, as shown in Figure 7-9. It can be seen that these samples 

showed different loading behavior and failure surfaces due to different moisture 

sensitivity of the aggregates. The sample prepared with G1 aggregate showed mainly 

cohesive failure surface with adhesive failure occurring at both edges of the specimen 

after 14 days of moisture conditioning with the tensile load not decreasing significantly 

in comparison with the tensile load in Figure 7-7a. In contrast, the failure surface of G2 

is nearly completely adhesive and the tensile load decreased significantly. There are 

also three obvious fluctuations (peaks) due to the cohesive failure over the epoxy resin 

segments between two adjacent aggregates. From this Figure it can be seen that the peel 

force accurately reflects the failure mode which demonstrates that the composite 

substrate could be used for fracture energy evaluation. It should be mentioned that there 

is small amount of cohesive failure occurred on the edges of the substrate because the 

epoxy resin occupied the aggregate place, as shown in Figure 7-9. The small amount of 

cohesive failure may slightly influence the final result. So, in the future, the aggregate 

need to be carefully trimmed to slice off the edges to make sure the width of the 

aggregate is exactly 20mm.  
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Figure 7-9 Failure surfaces and loading behavior of two specimens (B1-G1 and B1-G2) 

after 14 days of moisture conditioning using the CSPT 

With the aim of directly comparing the measurements made with the CSPT and the 

standard peel test as introduced in Chapter 5, the loading behavior of G1 and G2 

specimen obtained from these two tests were plotted in Figure 7-10. From this figure it 

can be seen that when using the same aggregate, these two different tests show similar 

loading results thus demonstrating that the newly developed CSPT could obtain similar 

loading behavior as determined with the standard peel test. 
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Figure 7-10 Loading behavior of two samples (B1-G1 and B1-G2) after 14 days of 

moisture conditioning obtained using both standard peel test and CSPT 

7.3.4 Retained fracture energy 

The effect of moisture on the bond strength could be captured using a single retained 

fracture energy percentage as a more elegant and unified way of characterising 

aggregate-bitumen bond strength. In general, the larger the magnitude of retained 

fracture energy of a joint, the greater the resistance to failure from applied loading after 

moisture conditioning. The retained fracture energy of specimens after 7 days and 14 

days moisture conditioning were calculated by dividing the conditioned fracture energy 

by the dry fracture energy, and the results are shown in Figure 7-11. The fracture 

energy results of all specimens before and after moisture condit ioning are shown in 

Appendix E. As the materials used in CSPT are coarse aggregates used in actual asphalt 

mixture field applications, the results are much more reliable in terms of identifying a 

„good‟ versus „bad‟ moisture resistant mixture. 

As shown in Figure 7-11, one effect of moisture on the aggregate-bitumen interface is 

the reduction in fracture energy with different aggregates showing different values. The 

significant difference in retained fracture energy results could be explained by the water 

absorption properties and mineralogical composition of aggregates. For G1 aggregate, 

the dominant mineral phases, albite and quartz, are considered to be sensitive to 
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moisture damage. However, because of its lower moisture absorption (0.13%), it is hard 

for water to diffuse through the aggregate into the aggregate-bitumen interface to 

weaken the bond. The other granite aggregate G2 with higher moisture absorption 

values had the lowest retained fracture energy. This is not surprising as G2 aggregate 

has had a long history of very poor moisture damage performance in the field [3]. 

Aggregate G3 shows the lowest retained fracture energy demonstrating its 

susceptibility to moisture damage. One thing that should be mentioned is that the 

retained fracture energy of B1-G3 is higher than B1-G2 after 7 days of moisture 

conditioning but the sequence was exchanged after 14 days conditioning. This could be 

due to the moisture absorption of G3 being lower than G2, with 7 days conditioning not 

letting the moisture fully reach the aggregate-bitumen interface. Once the moisture 

attacked the interface, the adhesion between aggregate and bitumen deteriorated 

quickly. 

In terms of the limestone aggregates (L1 and L2), both showed good moisture 

resistance due to their dominant mineral phase (calcite) which can form a stable bond 

with bitumen even in the presence of water. The slightly lower result of L1 could be 

attributing to its higher water absorption (2.21%) in comparison with L2 (0.46%). On 

this basis, it is reasonable to state that the moisture sensitivity of aggregate-bitumen 

bonds is not only controlled by the mineralogical compositions but the moisture 

absorption of the aggregate should also be considered. 
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Figure 7-11 Retained fracture energy with respect to moisture damage achieved from 

CSPT 

7.4 Correlation between CSPT and standard peel test 

As the CSPT is a newly designed method to characterise the moisture susceptibility of 

the aggregate-bitumen bond using coarse aggregate, the relationship between the CSPT 

and the standard peel test was evaluated by plotting the retained fracture energies from 

the two tests against each other. It should be mentioned that as there is no G3 aggregate 

boulder to prepare specimens for the standard peel test, only four specimens (B1-L1, 

B1-L2, B1-G1 and B1-G2) were selected in this section. Figure 7-12 shows the plot 

depicting the relationship between retained fracture energy, including 7 days and 14 

days moisture conditioning, obtained from the CSPT and those from the standard peel 

test. It can be seen that the eight results are all located on one trend line demonstrating 

that the CSPT and the standard peel test give almost the same evaluation in terms of the 

moisture susceptibility of different aggregate-bitumen systems. It should be noted that 

in general the CSPT results are lower in comparison with the standard peel test. The 

results suggest that the newly developed CSPT is reliable in term of moisture damage 

evaluation and provides a more practical means of assessing the moisture damage 

performance of aggregate-bitumen systems using actual asphalt mixture coarse 

aggregates rather than large aggregate boulders. 
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Figure 7-12 Plots of standard peel test retained fracture energy and CSPT retained 

fracture energy of specimens prepared with B1 bitumen showing good agreement 

between these two tests 

7.5 Conclusions 

This chapter presented the development of a reliable procedure to prepare peel test 

specimens using commonly used asphalt mixture coarse aggregates and evaluated the 

moisture sensitivity of different aggregate-bitumen combinations. The following 

conclusions were deduced based on the results presented in this chapter. 

The newly designed procedure was found to be practicable to combine several coarse 

aggregates together and get a flat aggregate surface. The CSPT could correctly evaluate 

the fracture energy of aggregate-bitumen bonds in both dry conditions and after 

moisture damage. 

Based on the CSPT, the aggregate properties do not influence the bonding strength of 

aggregate-bitumen combinations in the absence of moisture when the dominant failure 

mechanism is cohesive. Under these dry conditions the samples from both the CSPT 

and the peel test showed similar fracture energy values.  
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The magnitude of the fracture energy in the presence of water was found to be 

aggregate type dependent rather than bitumen dependent with failure being adhesive in 

nature. The tests demonstrated that the physico-chemical properties of the aggregates 

play a fundamental and significant role in the development of the moisture damage 

performance of aggregate-bitumen bonds. 

The retained fracture energy results were shown to be sensitive to moisture 

conditioning and the moisture resistance could be explained by the moisture absorption 

and mineralogical compositions of the aggregates. Limestone tends to have better 

resistance to moisture damage than granite with the same moisture absorption. 

Furthermore, in terms of similar mineralogical compositions, lower moisture absorption 

may result in better moisture resistance. 

The newly developed CSPT was found to be effective in characterising the moisture 

resistance of the aggregate-bitumen bond. The fracture energy accurately correlated 

with the failure mechanisms. The newly developed CSPT and the standard peel test 

showed the same ranking in terms of the moisture damage evaluation demonstrating 

that the CSPT is a reliable and feasible design to assess the moisture damage 

performance of aggregate-bitumen systems. 
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8. Correlation between different tests 

8.1 Introduction 

One of the main objectives of this research is to understand the influence of several 

fundamental properties of pavement materials on the moisture damage of different 

aggregate-bitumen combinations. By evaluating the aggregate-bitumen adhesion and its 

deterioration in the presence of moisture (liquid or vapour), different methods had been 

used in this research with the results being presented in previous chapters. In Chapter 4, 

the surface energy properties of aggregates and bitumen used in this research were 

measured and the moisture sensitivity parameters of all aggregate-bitumen 

combinations were also calculated. In addition, the deterioration of aggregate-bitumen 

bonds was evaluated through three established mechanical tests (standard peel test, 

Pneumatic Adhesion Tensile Testing Instrument (PATTI) test and pull-off test) and one 

newly developed test (the composite substrate peel test (CSPT)). However, the 

correlations between the adhesion performance in both dry and wet conditions from 

these different techniques are not really understood.  

The aim of this chapter is to combine the surface energy results with the mechanical 

property results in order to study the correlation between the moisture sensitivity 

parameters obtained from the different methods and evaluate the reliability of each 

technique in terms of moisture damage assessment. Firstly, the work of adhesion, 

fracture energy and tensile strength values obtained from different method s in the dry 

condition are correlated and compared. Secondly, retained fracture energy and retained 

tensile strength obtained from the mechanical techniques after moisture damage are 

correlated between each other. Finally, the moisture factor values obtained from 

mechanical techniques are compared with the moisture sensitivity assessment 

parameters so as to evaluate the reliability of each method. 
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8.2 Correlations of different tests in dry conditions 

The bonding properties of different aggregate-bitumen combinations obtained from 

different techniques were first compared in this section with the results shown in Table 

8-1. From this table it can be seen that there are two parameters, which are work of 

cohesion in the bitumen film and work of adhesion at the aggregate-bitumen interface, 

obtained from the surface energy tests with the work of adhesion values significantly 

higher than the cohesion values.  This phenomenon theoretically demonstrated that the 

failure of asphalt mixtures is cohesive rather than adhesive in dry conditions and the 

aggregate-bitumen bonds tend to obtain similar results by using the same bitumen. 

From the mechanical tests it can be seen that for the same bitumen, different samples 

obtained similar fracture energy or tensile strength values irrespective of which 

aggregate was used. This finding firstly confirmed the theoretical demonstration 

deduced from the surface energy test. In terms of the mechanical tests, the standard peel 

test and the newly developed CSPT showed similar fracture energy values 

demonstrating the good correlation of these two tests. In addition, the PATTI test and 

the pull-off test also obtained similar tensile strength values for the same aggregate-

bitumen combination.  

Based on the data presented in Table 8-1, it can be concluded that the techniques used 

in this research, including surface energy testing, established mechanical tests and the 

newly developed test, can be used to assess the bonding properties of the aggregate-

bitumen interface in dry conditions. 
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Table 8-1 Aggregate-bitumen bonding values in dry condition 

Sample 

Surface energy 
test 

Surface energy 
test 

Peel 
test 

CSPT PATTI 
Pull-off 

test 

W11 (mJ/m2) W12 (mJ/m2) 
Gc 

(J/m2) 
Gc 

(J/m2) 
POTS 
(kPa) 

TS (kPa) 

B1-L1 76.19 147.42 979 992 1820 - 

B1-L2 76.19 123.22 972 987 1805 1920 

B1-G1 76.19 125.28 1012 1003 1831 1947 

B1-G2 76.19 118.39 1008 982 1840 1938 

B1-G3 76.19 152.30 - 983 - - 

B2-L1 67.24 132.95 430 - 1359 - 

B2-L2 67.24 115.14 439 - 1495 1425 

B2-G1 67.24 118.59 432 - 1504 1386 

B2-G2 67.24 109.52 444 - 1486 1413 

B2-G3 67.24 136.70 - - - - 

Note: W11 = work of cohesion result for bitumen, W12 = work of adhesion result for 

bitumen-aggregate combinations, Gc = fracture energy (J/m2), POTS = pull-off tensile 

strength (kPa) and TS = tensile strength (kPa). 

8.3 Correlations of different mechanical tests after moisture 

damage 

8.3.1 Sensitivity of different mechanical tests on moisture damage 

There are four mechanical tests, including the standard peel test, PATTI test, pull-off 

test and the newly developed CSPT, which have been used in this research to assess the 

moisture sensitivity of different aggregate-bitumen combinations. The moisture 

sensitivity of different aggregate-bitumen combinations was evaluated based on the 

retained fracture energy or retained tensile strength values after moisture conditioning 

with larger values suggesting better moisture resistance properties. However, these four 

tests were performed individually so that the relationship and correlations of these tests 

are less well understood. So, it seems important to evaluate the correlations of these 

tests and to characterise the reliability of each individual test. As the reliability of the 
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standard peel test had been proved in previous publications [1, 2, 3], this test is used as 

a benchmark in this section. 

As the CSPT is a newly developed method to characterise the moisture susceptibility of 

the aggregate-bitumen bonds using coarse aggregates, the relationship between the 

CSPT and the standard peel test was first evaluated by plotting the retained fracture 

energies obtained from Chapters 5 and 7 against each other. It should be mentioned that 

there were no G3 aggregate boulders to prepare specimens used for the standard peel 

test, so only four specimens (B1-L1, B1-L2, B1-G1 and B1-G2) were selected for 

comparison in this section. Figure 8-1 shows the plot depicting the relationship between 

retained fracture energy, including both 7 days and 14 days moisture conditioning, 

obtained from the CSPT and those from the standard peel test. It can be seen that the 

eight results are all located on one trend line demonstrating that the CSPT and the 

standard peel test give almost the same evaluation in terms of moisture susceptibility of 

different aggregate-bitumen systems. It should be noted that in general the CSPT results 

are lower in comparison with the standard peel test. The results suggest that the newly 

developed CSPT is reliable in terms of moisture damage evaluation and provides a 

more practical means of assessing the moisture damage performance of aggregate-

bitumen systems using actual asphalt mixture coarse aggregates rather than large 

aggregate boulders. 

 

 



 

168 
 

 
Figure 8-1 Plots of CSPT retained fracture energy and standard peel test retained 

fracture energy of specimens prepared with B1 bitumen showing good agreement 

between these two tests 

The relationship between the standard peel test and the PATTI test was also quantified 

by combining the retained fracture energy and retained tensile strength from these two 

tests together. The retained fracture energy values and retained tensile strength values 

of specimens prepared with all aggregate-bitumen combinations presented in Chapters 

5 and 6 were selected to compare with each other. Figure 8-2 shows the relationship 

between the retained fracture energy and the retained tensile strength obtained after 7 

days and 14 days of moisture conditioning. From this Figure it can be seen that most of 

the results, except specimen B2-G2 after 7 days conditioning, were located on one trend 

line with higher retained fracture energy correlating with higher retained tensile 

strength. This demonstrated that the PATTI test is able to identify the moisture 

sensitivity of different aggregate-bitumen systems and obtain a similar ranking as the 

standard peel test. It should be mentioned that the values of retained tensile strength are 

only located in the region of 40% - 90% meaning the differences between each other 

are not really significant. So, the sensitivity of the PATTI test for moisture damage 

evaluation appears lower than for the standard peel test.   
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Figure 8-2 Plots of retained fracture energy and retained tensile strength obtained from 

the standard peel test and PATTI test showing good agreement between these two tests. 

Note: The data in red colour (B2-G2 after 7 days conditioning) is far away the trend 

line.  

As the specimens used for the pull-off test were moisture conditioned for 1 day and 7 

days while those for standard peel test were conditioned for 7 days and 14 days, it 

seems difficult to correlate all the results with each other. So, for evaluating the 

correlation between the pull-off test and the standard peel test, only the results after 7 

days moisture conditioning were selected to be analysed. A comparison of the standard 

peel test retained fracture energy versus the pull-off test retained tensile strength is 

provided in Figure 8-3. In this Figure, all specimens prepared with B1 and B2 are 

plotted together and there is one parameter (in the red colour) located far away the trend 

line. This demonstrated that these two tests obtained contrast results in the moisture 

sensitivity for this specimen. For other five specimens, the results are all located near 

the trend line meaning the good correlation of these two tests. It can be concluded that 

these two tests tend to results in similar moisture sensitivity values for most of the 

specimens. The contrast result may be because the specimen used for pull-off test is 

very small. Factors such as the substrate thickness and the bitumen film thickness 

cannot be well controlled and these factors may finally influence the moisture 

sensitivity results.  
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In summary, when taking the standard peel test as a benchmark, the other three 

mechanical tests, including the newly developed CSPT, the PATTI test and the pull-off 

test are all considered as being reliable in terms of evaluating the moisture sensitivity of 

different aggregate-bitumen systems. The newly developed CSPT showed the best 

correlation with the standard peel test. Though the pull-off results correlate well with 

the standard peel test for most of the specimens, the contrast results obtained from these 

two tests should not be neglected.  

 

Figure 8-3 Plots of retained fracture energy and retained tensile strength obtained from 

standard peel test and pull-off test. Note: The data in red colour (B1-G2 after 7 days 

conditioning) is far away the trend line. 

8.3.2 Correlations between different tests in terms of failure surface 

All four methods used in this research can be considered as tensile in nature. The major 

differences are in terms of specimen geometry and loading rate. Apart from the retained 

fracture energy and retained tensile strength, the failure surface of the aggregate-

bitumen systems after moisture conditioning can also be used to evaluate the 

correlation between different tests.  The failure surfaces of B1-G2 samples obtained 

from all four tests before and after moisture conditioning are shown in Figure 8-4. 

Without moisture conditioning, a cohesive failure occurred within the bulk of the 

bitumen, as shown in Figure 8-4. The fracture energy and tensile strength depended on 
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the cohesive bond in the bulk bitumen layer. That is why all aggregates show almost 

the same fracture energy and tensile strength in the dry condition. After moisture 

conditioning, water penetrated into the specimen and weakened the aggregate-bitumen 

interface. The failure surfaces of all specimens tend to transform from cohesive to 

adhesive. However, less time was needed for the pull-off test (7 days) to achieve 

adhesive failure in comparison with the other three tests (14 days).  This phenomenon 

also supports the assertion that the pull-off test is the most sensitive test to measure the 

moisture sensitivity of aggregate-bitumen combinations. 

 

Figure 8-4 Failure surfaces of B1-G2 specimens before and after moisture conditioning 

obtained from the standard peel test, the newly developed peel test, the PATTI test and 

the pull-off test. Note: specimens of the standard peel test, CSPT and PATTI test were 
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moisture conditioned for 14 days, while the pull-off specimen was moisture 

conditioned for 7 days. 

8.4 Correlation between surface energy test and mechanical test 

As presented in Chapter 4, four parameters were calculated based on the work of 

adhesion and debonding to compare the moisture sensitivity of different aggregate-

bitumen systems with higher values representing better resistance to moisture damage.  

As the four moisture sensitivity parameters showed the same ranking in terms of the 

moisture sensitivity for the aggregate-bitumen systems considered in this research, only 

one parameter (ER4) was selected to correlate with the mechanical tests. As shown in 

Section 8.3, the four mechanical tests used in this research showed the same ranking in 

terms of the moisture sensitivity of different aggregate-bitumen combinations and these 

four tests are all recognised as reliable techniques to assess the moisture sensitivity of 

asphalt mixtures. In this case, any of the mechanical tests can be selected to be 

compared with the surface energy test. The retained fracture energy after 14 days 

moisture conditioning obtained from the newly developed CSPT and the standard peel 

test were selected to be correlated with the moisture sensitivity parameter calculated 

based on the surface energy results. 

A comparison of the CSPT retained fracture energy versus the moisture sensitivity 

parameter ER4 obtained from the surface energy testing is provided in Figure 8-5. From 

this figure it can be seen that these two tests showed different ranking in terms of the 

moisture sensitivity with no correlation being found between these two tests. For 

instance, B1-G1 is considered to have good moisture resistance properties based on the 

CSPT and the other three mechanical tests. However, the B1-G1 combination has the 

lowest moisture sensitivity parameter value demonstrating its susceptibility to moisture 

damage. In addition, B1-G2 also yields misleading results because these two tests 

showed significantly different moisture resistance properties.  
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Figure 8-5 Plots of retained fracture energy and moisture sensitivity parameter obtained 

from CSPT and surface energy test 

Figure 8-6 shows a plot depicting the relationship between the standard peel test 

retained fracture energy and the moisture sensitivity parameter ER4 obtained from the 

surface energy test. In all cases, a higher value of the parameter suggests better 

resistance to moisture damage. The results in this figure also show that these two tests 

obtained different moisture sensitivity ranking. In terms of the moisture sensitivity 

evaluation, the surface energy test cannot correlate with the mechanical peel test. Other 

two mechanical tests, PATTI test and pull-off test also show the same trend with no 

correlation with the surface energy test in terms of moisture sensitivity evaluation. It 

can be concluded that, based on the aggregates considered in this research, the surface 

energy-based method cannot correlate with the mechanical tests in terms of the 

moisture sensitivity evaluation of different aggregate-bitumen systems.  
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Figure 8-6 Plots of retained fracture energy and moisture sensitivity parameter obtained 

from standard peel test and surface energy test 

The finding in this section seems cannot correlate with previous researchers. In 

Bhasin‟s research [4], the moisture sensitivity parameters obtained from the surface 

energy tests showed the same results as the dynamic creep test, as shown in Figure 8-7. 

In addition, Ahmad also found that the results from the surface energy tests and the 

SATS test generally follow the same trend, but there are still discrepancies which are 

not clearly explainable [5]. The different result in this research could be attributed to 

the following reasons. Firstly, the development of moisture sensitivity parameters were 

based on the aggregates that are commonly used in US, the aggregates from UK 

quarries may result in different trend. In addition, bitumen specimens used for the DCA 

test were actually aged due to the contact with air. So, the surface energy results of 

bitumen maybe different from those used for mechanical tests. Furthermore, the surface 

energy tests were performed at room temperature while the specimens used for 

mechanical tests were prepared at much higher temperatures. The surface energy results 

obtained at room temperature maybe cannot reflect the material properties at high 

temperatures so as to result in different trends in terms of moisture sensitivity 

evaluation. 

0

2

4

6

8

10

12

14

0 20 40 60 80 100

B1-L1

B1-L2

B1-G1

B1-G2

B2-L1

B2-L2

B2-G1

B2-G2

Peel test retained fracture energy [%] 

M
o

is
tu

re
 s

e
n

si
ti

vi
ty

 p
ar

am
e

te
r E

R
4 



 

175 
 

 

Figure 8-7 Moisture sensitivity parameter ER4 versus Wet to Dry Ratio of Fatigue Life 

[4] 

 

Figure 8-8 SATS Moisture Factors versus SE Bond Ratios [5] 
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8.5 Conclusions 

The focus of this chapter is to compare the moisture damage evaluation techniques used 

in this research. This was done so as to study the correlation between the moisture 

sensitivity results obtained from different methods and characterise the reliability of 

each test. The test results obtained from different tests in the dry condition were first 

combined and compared. Then, the moisture sensitivity results, including the retained 

fracture energy and retained tensile strength, obtained from the four mechanical tests 

were compared and correlated with each other. In addition, the moisture sensitivity 

parameters from the surface energy-based tests were compared with the mechanical 

tests. The following conclusions were deduced based on the results presented in this 

chapter. 

Based on the mechanical tests used in this research, the fracture energy or tensile 

strength of different aggregate-bitumen systems are controlled by the bitumen in dry 

conditions. The work of adhesion and cohesion results obtained from the surface energy 

tests also demonstrated that the bitumen rather than the aggregate-bitumen interface 

dominate the failure in dry conditions. All the techniques used in this research, 

including the mechanical tests and surface energy-based tests, showed the same result 

in terms of the bonding properties of the aggregate-bitumen systems in the dry 

condition. 

By comparing the retained fracture energy and retained tensile strength values, the 

reliability and sensitivity of the four mechanical tests were correlated and evaluated. 

Firstly, the retained fracture energy obtained from the standard peel test and the newly 

developed CSPT showed good correlation, which demonstrated the reliability of the 

newly developed test. Furthermore, the PATTI test and the pull-off test also obtained 

similar rankings as the standard peel test in terms of the moisture sensitivity of different 

aggregate-bitumen systems. In addition, the failure surfaces of these four mechanical 

tests showed the same phenomenon with the cohesive failure transforming from 

cohesive to adhesive after moisture conditioning. So, based on the comparison 

conducted, the four mechanical tests are all considered to be reliable to evaluate the 

moisture sensitivity of different aggregate-bitumen systems. 
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The surface energy-based tests and the newly developed CSPT showed a different 

ranking in terms of the moisture sensitivity of aggregate-bitumen systems. In addition, 

the surface energy-based tests and the standard peel test showed different ranking in 

terms of moisture sensitivity evaluation. Other two mechanical tests, PATTI test and 

pull-off test also showed different results from the surface energy test. So, for the 

moisture sensitivity evaluation, the CSPT does not correlate well with the surface 

energy-based method which in turn does not correlate well with other three mechanical 

tests. Based on the aggregates considered in this research, the moisture sensitivity 

parameters obtained from the surface energy tests are suggested to be unreliable to 

evaluate the moisture sensitivity of aggregate-bitumen systems. 
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9. Conclusions and Recommendations 

9.1 Overview 

Moisture damage is recognised as one of the major causes of distress in asphalt 

pavements. During its service life, the presence of moisture can lead to the loss of 

stiffness and strength of the asphalt pavement layers and eventually the costly failure of 

the structure. Although not all damage is caused directly by moisture, its presence 

increases the extent and severity of already existing distresses. When moisture damage 

occurs, the loss of cohesion in the mastic and/or the loss of adhesion between the 

bitumen and aggregate interface will reduce the ability of a pavement to support traffic-

induced stresses and strains, which can promote the development of cracks and rutting 

so as to accelerate the deterioration of the asphalt pavement. 

Based on the literature review, the aggregate-bitumen interface is considered as a 

vulnerable boundary and most aggregate-bitumen interfaces are very sensitive to 

moisture attack. By evaluating the moisture sensitivity of asphalt mixtures, the foc us of 

this research is located on the adhesion between aggregate and bitumen. 

Numerous techniques have been developed in the past to evaluate the moisture 

sensitivity of asphalt mixtures. These tests can broadly be divided into tests performed 

on the loose coated aggregates and tests performed on compacted asphalt mixtures. 

Even if these techniques have been widely used and many of them were pro ved to be 

reliable to predict the performance of asphalt mixtures in the field, they do not directly 

evaluate the deterioration of the aggregate-bitumen interface so they cannot understand 

the mechanisms of moisture damage.  

In this research, the moisture sensitivity of aggregate-bitumen combined specimens has 

been evaluated by directly measuring the bonding strength of the aggregate-bitumen 

interface before and after moisture conditioning using standard and newly developed 

mechanical tests. In addition, the surface energy properties of different bitumen and 

aggregates have been measured to characterise the moisture damage using the 

calculated moisture sensitivity parameters. Finally, the moisture damage results from 



 

180 
 

mechanical tests and thermodynamic results were compared and correlated with the 

physico-chemical properties of the original materials. 

9.2 Conclusions 

Based on the results obtained in this research, the following conclusions were deduced: 

According to the surface energy tests presented in Chapter 2, the bonding strength of 

the aggregate-bitumen interface in the dry condition is controlled by the bitumen as the 

work of cohesion in the bitumen film is much lower than the work of adhesion at the 

aggregate-bitumen interface. However, with the presence of moisture, the work of 

debonding in the bitumen film is much higher than the work at the aggregate-bitumen 

interface resulting in the failure mechanism transforming from cohesive to adhesive. In 

addition, the work of debonding at the aggregate-bitumen interface is aggregate 

dependent demonstrating that moisture sensitivity of asphalt mixtures is dominated by 

the aggregate properties. 

There are four moisture sensitivity parameters calculated based on the surface energy 

results of bitumen and aggregates. These four parameters show similar moisture 

sensitivity ranking for the five aggregates considered in this research. However, it 

should be mentioned that the four moisture sensitivity equations contain absolute values. 

The definition of these four equations is based on the hypothesis that all work of 

debonding results consisting of negative values. However, there are two aggregates 

used in this research that result in positive work of debonding values. It could be 

misleading if two aggregate-bitumen combinations result in positive and negative work 

of debonding result but with the same magnitude. 

Based on the results from the standard peel test in the dry condition, all specimens 

showed cohesive failure regime with the bitumen dominating the fracture energy of the 

aggregate-bitumen bonds. In the dry condition, the bitumen film thickness showed 

significant influence on the fracture energy values with a thicker bitumen film resulting 

in higher fracture energy. However, the normalised toughness decreased with 

increasing film thickness. 
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After moisture conditioning, the values of fracture energy experienced a decrease for 

most of the specimens with 40/60 pen bitumen showing better moisture resistance than 

the 70/100 pen bitumen. The fundamental properties of aggregates, including the 

mineralogical composition and moisture absorption showed significant influence on the 

moisture sensitivity of aggregate-bitumen bonds. Strong correlations were also found 

between mineral compositions and moisture sensitivity with clay and anorthite having 

strong negative influence while calcite showed positive effect on moisture sensitivity.  

In terms of similar mineralogical composition, higher moisture absorption of aggregate 

correlated to lower resistance to moisture damage. 

The combination of the PATTI equipment and the environmental chamber means that 

the tensile strength can be assessed under accurate temperature control. Based on the 

PATTI test, the tensile strength of aggregate-bitumen bonds was found to be sensitive 

to temperature. The failure pattern changed from cohesive failure to mixed 

cohesive/adhesive failure as the test temperature decreased from 40°C to -10°C. At the 

same time, the bitumen failure behaviour changes from brittle to ductile as the 

temperature increases from -10°C to 40°C. These combined effects resulted in the 

maximum tensile fracture strength for the various bitumen-aggregate combinations 

occurring at approximately 10°C. 

The tensile strength of different aggregate-bitumen combinations measured with the 

PATTI test and the pull-off test was shown to be sensitive to moisture conditioning. 

The failure pattern was shown to change from cohesive to mixed  cohesive/adhesive and 

even adhesive failure as the conditioning time extended. These two tests showed similar 

ranking in terms of moisture sensitivity but the pull-off test was found to be the most 

sensitive. The high sensitivity of the pull-off test could be attributed to smaller 

specimen geometry that allowed faster moisture diffusion into the aggregate-bitumen 

interface where damage is believed to be initiated. 

The newly developed Composite Substrate Peel Test (CSPT) was found to be 

practicable to combine several asphalt mixture coarse aggregates together and get a flat 

aggregate surface. The magnitude of the fracture energy in the presence of water was 

found to be aggregate type dependent rather than bitumen dependent with failure being 

adhesive in nature. The newly developed CSPT was found to be effective in 

characterising the moisture resistance of the aggregate-bitumen bond with the tensile 
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force accurately correlated with the failure mechanisms. The newly developed CSPT 

and the standard peel test showed the same ranking in terms of the moisture damage 

evaluation demonstrating that the CSPT is a reliable and feasible design to assess the 

moisture damage performance of aggregate-bitumen systems. 

In the dry condition, all the techniques used in this research, including the mechanical 

tests and surface energy tests showed the same results in terms of the bonding 

properties of aggregate-bitumen systems. After moisture conditioning, the four 

mechanical tests, including standard peel test, CSPT, PATTI test and pull-off test 

showed similar moisture sensitivity ranking and failure surfaces demonstrating the 

good correlation of these four tests. In addition, based on the comparison conducted, 

the four mechanical tests are all considered to be reliable to evaluate the moisture 

sensitivity of different aggregate-bitumen systems. However, based on the aggregates 

considered in this research, the moisture sensitivity parameters obtained from the 

surface energy tests are suggested to be unreliable to evaluate the moisture sensitivity 

of aggregate-bitumen systems. 

9.3 Recommendations 

Based on the overall work carried out in this research and the conclusions made in the 

previous section, the following recommendations are suggested for future research: 

 The surface energy-based tests, including dynamic contact angle (DCA) 

technique and dynamic vapour sorption (DVS) technique should be used for the 

measurement of surface energy of a wide range of materials. The bitumen 

should be obtained from different crude oil sources with greater compositional 

diversity than those used in this research. In addition, modified bitumen should 

also be evaluated in the future. The aggregates from different quarries with 

different physico-chemical properties commonly used in asphalt pavement 

construction should also be investigated. The surface energy results from these 

two techniques can be used to evaluate the moisture sensitivity of different 

aggregate-bitumen systems. The moisture sensitivity of different aggregate-

bitumen systems should be compared with the mechanical tests so as to further 

characterise these correlations.  
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 As mineral filler is one of the most important components in asphalt mixture, its 

influence on the moisture sensitivity of asphalt mixture should also be 

characterised. The surface energy of mastic (bitumen + filler) should be 

measured using the DCA technique so as to evaluate the influence of filler on 

bitumen surface energy. The surface energy results of mastic can then be 

combined with the aggregate surface energy to characterise the moisture 

sensitivity of aggregate-mastic systems. 

 Based on the mechanical tests performed in this research, the properties of 

aggregate rather than the bitumen are the main influential factors for moisture 

damage of asphalt mixtures. So, the fundamental properties of aggregate, such 

as the surface micrographs, roughness and texture should be characterised using 

developed material testing techniques. In addition, the moisture absorption and 

diffusion properties of aggregates should be evaluated based on the moisture 

uptake results and correlated with the moisture sensitivity.  

 As the bitumen is a visco-elastic material, its properties are very sensitive to 

temperature change. So, the standard peel test, the newly developed CSPT and 

the pull-off test should be carried out under accurate temperature control by 

assembling an environmental chamber in the universal testing machine (UTM). 

The influence of temperature on the surface energy of aggregate-bitumen bonds 

can be evaluated by using the standard peel test and the CSPT. Furthermore, the 

influence of temperature on moisture sensitivity of aggregate-bitumen bonds 

can also be evaluated by using the UTM with the temperature control system.   

 As the speed of air release in the PATTI test is controlled manually, a large 

variability may be obtained from different researchers for the same sample. So, 

a modification should be carried out on the PATTI equipment to make sure the 

high pressure air is released at a constant speed. The bitumen film thickness in 

the PATTI test is controlled at 0.8 mm by the steel pull stub which cannot be 

changed like the peel test and pull-off test. So, more pull stubs which can 

produce different bitumen film thicknesses should be prepared so as to evaluate 

the influence of bitumen film thickness on tensile strength and moisture 

sensitivity of aggregate-bitumen systems. 
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 It was found from the pull-off test that the bitumen film thickness can be 

accurately controlled by using the modified fixtures which were assembled in 

the DSR. So, the specimens used for pull-off test can be prepared with different 

film thicknesses. In this case, the influence of bitumen film thickness on the 

tensile strength of aggregate-bitumen bonds should be evaluated in the future. In 

addition, the influence of bitumen film thickness on the moisture sensitivity of 

aggregate-bitumen systems should also be assessed. 

 In this research, the moisture conditioning is only done on samples placed in 

deionised water at 20°C for different periods. The limitation of this procedure is 

that it cannot evaluate the influence of temperature on the moisture sensitivity. 

So, the moisture damage procedure should be carried out in a water bath which 

can change the conditioning temperatures.  

 Further investigation should be carried out by adding mineral fillers and 

adhesion promoters (amine based solutions and silanes) in the bitumen so as to 

evaluate their effects on the moisture sensitivity of the aggregate-bitumen 

systems.  

 As the effect of aggregate on moisture sensitivity of asphalt mixture is more 

influential than the effect of bitumen, the surface treatment of aggregate should 

be considered in the future [1]. Surface treatment can make the aggregate 

surface waterproof and improve its adhesion with bitumen. In addition, surface 

treatment can change the aggregate surface from hydrophilic to hydrophobic so 

as to improve the moisture resistance. 
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Appendix A 

The influence of bitumen film thickness on fracture energy values 

Specimen Film thickness (mm) 
Fracture energy (J/m2) 

Average SD 
1 2 3 4 

B1-L1 

0.2 704 931 769 720 781 104 

0.25 1020 898 953 1046 979 67 

0.38 1050 1119 999 1056 1056 49 

0.5 1059 1063 1167 1099 1097 50 

0.9 1167 1154 1162 1170 1163 7 

B2-L1 

0.2 353 339 336 340 342 8 

0.25 438 434 438 408 430 14 

0.38 430 545 416 460 463 58 

0.5 468 572 442 479 490 57 

0.9 510 564 506 530 528 27 

Note: SD = standard deviation  
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Appendix B 

Fracture energy values of all specimens before and after moisture damage 

Specimen Conditioning time (day) 
Fracture energy (J/m2) 

Average SD 
1 2 3 4 

B1-L1 

0 1020 898 953 1046 979 67 

7 759 821 803 835 805 33 

14 804 778 796 757 784 21 

B1-L2 

0 986 1008 986 906 972 45 

7 984 1024 997 1010 1004 17 

14 867 885 923 862 884 28 

B1-G1 

0 1055 974 1046 974 1012 44 

7 965 1007 958 966 974 22 

14 921 986 954 920 945 31 

B1-G2 

0 1171 931 965 965 1008 110 

7 606 671 638 674 647 32 

14 235 209 216 248 227 18 

B2-L1 

0 438 434 438 408 430 14 

7 297 306 333 315 313 15 

14 305 317 279 296 299 16 

B2-L2 

0 408 476 457 416 439 33 

7 439 392 407 414 413 20 

14 397 368 385 389 385 12 

B2-G1 

0 472 390 427 438 432 34 

7 456 407 389 438 423 30 

14 359 368 396 389 378 17 

B2-G2 

0 468 397 476 434 444 36 

7 106 113 139 132 123 16 

14 113 106 85 105 102 12 

Note: SD = standard deviation  
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Appendix C 

Tensile strength of all specimens before and after moisture damage obtained by PATTI 

Specimen 
Conditioning 

time (day) 

Tensile strength (kPa) 
Average SD 

1 2 3 4 

B1-L1 

0 1578 1738 2064 1898 1820 209 

7 1694 1678 1306 1319 1498 217 

14 1060 1214 1269 839 1096 193 

B1-L2 

0 1798 1856 1891 1675 1805 95 

7 1269 1457 1528 1278 1383 130 

14 1046 1342 1197 1343 1232 142 

B1-G1 

0 2014 1683 1794 1832 1831 138 

7 1247 1435 11724 11424 1458 197 

14 1209 1369 1098 1236 1228 111 

B1-G2 

0 1724 1679 1963 1994 1840 161 

7 1403 1175 1304 1106 1247 132 

14 796 1019 869 786 863 112 

B2-L1 

0 1375 1265 1436 1358 1359 71 

7 960 1098 976 905 985 81 

14 729 889 811 1109 885 163 

B2-L2 

0 1496 1539 1512 1434 1495 45 

7 1352 1330 1187 1396 1316 90 

14 1087 1342 1429 1352 1303 149 

B2-G1 

0 1369 1584 1336 1727 1504 185 

7 1540 1545 1479 1507 1518 31 

14 1370 1594 1463 1512 1485 94 

B2-G2 

0 1347 1633 1468 1495 1486 117 

7 1203 1352 1115 1319 1247 109 

14 899 1059 568 927 863 209 

Note: SD = standard deviation 
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Appendix D 

Tensile strength of all specimens before and after moisture damage obtained by Pull-off 
test 

Specimen 
Conditioning 
time (day) 

Tensile strength (kPa) 
Average SD 

1 2 3 4 

B1-L2 

0 1820 1915 2063 1881 1920 103 

1 1332 1605 1277 1344 1390 147 

7 1513 1318 1404 1297 1383 98 

B1-G1 

0 1701 1868 2164 2044 1947 199 

1 1276 1531 1253 1341 1350 126 

7 1262 1321 1193 1394 1293 86 

B1-G2 

0 2232 1740 1843 - 1938 259 

1 632 420 505 436 498 84 

7 301 456 316 411 371 75 

B2-L2 

0 1222 1416 1504 1557 1425 147 

1 1351 1084 1101 1275 1203 131 

7 1009 1106 1152 1045 1078 64 

B2-G1 

0 1455 1414 1286 1389 1386 72 

1 1187 1380 1264 1156 1247 100 

7 1027 1105 1074 1041 1062 35 

B2-G2 

0 1589 1371 1407 1284 1413 128 

1 994 1106 1042 1023 1041 47 

7 835 753 741 865 799 61 

Note: SD = standard deviation 
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Appendix E 

Fracture energy of all specimens before and after moisture damage 

Specimen 
Conditioning 
time (day) 

Fracture energy (J/m2) 
Average SD 

1 2 3 4 

B1-L1 

0 985 999 - - 992 9.4 

7 680 712 680 680 688 16.0 

14 568 585 745 650 637 80.3 

B1-L2 

0 968 1006 - - 987 26.3 

7 826 812 800 778 804 20.1 

14 799 673 575 798 711 108.4 

B1-G1 

0 1008 998 - - 1003 6.7 

7 747 772 696 689 726 40.0 

14 728 722 668 - 706 33.4 

B1-G2 

0 976 988 - - 982 7.8 

7 476 216 305 234 308 118.5 

14 208 146 319 203 219 72.0 

B1-G3 

0 978 988 - - 983 7.3 

7 568 660 536 626 598 55.9 

14 135 177 194 115 155 36.5 

Note: SD = standard deviation 
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