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Abstract
The appearance of excessive and premature cracking on asphalt pavement after the winter
seasons has been a major challenge and concern to transportation agencies in Canada and
the northern U.S. states. At low temperatures, thermal stresses develop in the pavement
causing detachment of the binder from the aggregates and a subsequent deterioration in
stiffness which eventually leads to gross thermal cracking. Further distresses are induced
on these roads in the form of wheel path fatigue by heavy vehicles leading to alligatortype cracks. Governments spend large portions of their yearly budgets on the maintenance
and reconstruction of damaged roads. Through the collaborative efforts of government
agencies and research institutions various laws and specifications have been implemented
to ensure durability of asphalt pavement across various provinces.
In this study, approved American Association of State and Highway Transportation
Officials (AASHTO) and Ministry Transportation of Ontario (MTO) methods namely
dynamic shear rheometer (DSR), extended bending beam rheometer (EBBR), and double
edge-notched tension (DENT) tests were used to evaluate the rheological properties and
long-term performance of recovered binders with 3 to 7 years of service. The recovered
samples showed similar properties as their corresponding tank samples even though there
exists a difference in their performance due to extent of aging which is only poorly
simulated by the rolling thin film oven (RTFO) aging and pressure aging vessel (PAV)
treatment of the tank samples. Easier, more automated test methods were attempted in this
study to replace or complement the EBBR and DENT. Gel point temperature and GloverRowe analysis were conducted on all recovered samples. An r-squared value 0.72 was
obtained for the correlation between EBBR and gel point temperature while that between
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critical tip opening displacement (CTOD) from DENT test and the Glover-Rowe
parameter was 0.96. These results look promising and would require further studies to
come to more precise decisions. Chemical analysis using X-ray fluorescence (XRF) and
Fourier transform infrared (FTIR) were compared with rheological and physical tests, and
able to distinguish good performing binders from poor ones.
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Chapter 1
Introduction
1.1 OVERVIEW
The dreadful state of roads in Ontario has been an issue of concern for the past decades.
Government and individual research bodies have devised ways and funded numerous
projects in the quest to improve the state of the roads across the province and other parts
of the country. The Ministry of Transportation in Ontario (MTO) spends $6.8 billion in
planning, policies and provincial highway management, annually [1].

Although various test protocols are being implemented by MTO in the design of asphalt
pavement, two main pavement distresses, i.e. fatigue and thermal cracking, have been
found to be most prevalent. The former has been associated to repetitive loading of
vehicular traffic while the latter is as a result of low temperatures usually recorded during
the winter seasons. A combination of these two pavement distresses experienced by the
roads leaves highways in very bad conditions. During winter, the tensile strain of the
pavement is exceeded due to the gradual shrinkage of the asphalt binder thereby reducing
the adhesiveness between it and the pavement aggregates, a phenomenon known as
reversible aging [2]. Due to this weaken condition of the pavement, additional stress from
moving vehicles lead to premature failures in the pavement structure before their expected
time. Therefore, a good understanding of the nature and properties of asphalt binder is
necessary for solving this problem.
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1.2 ASPHALT DEFINITION, SOURCES AND APPLICATION
Asphalt cement, a major material in determining the quality and longevity of a pavement
design, has been defined by the American Society for Testing and Materials (ASTM) as a
“dark brown or black cementitious material occurring in nature or obtained by crude oil
refining where the predominant material is mainly bitumen” [2]. It can be found naturally
in lakes, rocks in certain parts of Venezuela and Los Angeles. However greater sums of
asphalt used today are sourced artificially from petroleum refinery. Asphalt cement has
found significant uses in various fields such as [3, 4]:
 Transportation – e.g. roads, airports runways, railways;
 Agriculture – e.g. water and moisture barriers, erosion control;
 Building construction – e.g. roofing, flooring, walls, ceilings;
 Recreation – e.g. gymnasiums, sports arenas, playgrounds, skating rinks, etc.; and
 Industrial – e.g. automotive, electricals, explosives, plasticizers etc.
Pavements constructed by asphalt are known as flexible pavement owing to the
viscoelastic nature of the asphalt. Based on the method and temperatures involved in the
construction of the pavement, they may also be referred to as Hot Mix Asphalt (HMA) or
Warm Mix Asphalt (WMA). It is worthy to note that, the numerous environmental
applications of asphalt also give an insight into the green side of the material.

1.3 CHEMICAL AND PHYSICAL PROPERTIES OF ASPHALT
The chemical properties of an asphalt binder depend on its constituents: their proportions
and their internal structural arrangements. According to increasing molecular weight,
asphalt is primarily composed of saturates, aromatics, resins and asphaltenes. The
2

compositional levels vary according to the source of the crude oil used to make the asphalt
cement, the age of the asphalt cement or modification methods which have the aim of
altering the properties of the material to improve its performance [5]. Trace elements such
as calcium, vanadium, nickel exist in the asphalt binder in the form of oxides, inorganic
salts and porphyrine structures [6]. The asphaltenes level have been found to be the
primary determinant of the binder rheology; making it more viscous at increased
concentrations. However, the high concentrations of resins tend to harden asphalt binder
while higher levels of saturates makes it softer [7].
The physical properties of asphalt are those behaviours exhibited by the asphalt binder due
to the influence of external factors such as temperature, vehicular traffic, age etc. Some
physical properties include:
1. Viscoelasticity: The ability of the asphalt to creep (viscous) when stress is applied
to it and to recover (elastic) when the stress is removed [8]. This property of asphalt
though complicated to understand makes it an excellent adhesive for paving. The
stress induced is a combined effect of temperature and rate of traffic loading.
2. Durability: This has to do with the ability of the asphalt to stay intact with little
or no significant change in its properties over long periods of time. This property
primarily depends on the pavement design and performance. However,
modification of the asphalt binder with various additives can also affect the
durability.
3. Brittleness: When the elastic capacity of the binder is exceeded, asphalt binder
becomes brittle and breaks with excessive loading of stress. This is responsible for
the thermal cracks observed on the pavement during winter seasons.
3

4. Hardening: This is an important property of asphalt to consider when testing for
field performance. It is influence by several factors: oxidation by atmospheric
oxygen, volatilization of lighter component of the asphalt during hot mixing and
construction. Also hardening can result from the continuous relaxation and
shrinking when the temperature stabilizes at a constant low value (usually below 0
o

C) [9].

1.4 ECONOMIC RELEVANCE OF ASPHALT CEMENT PAVEMENT
One cannot rule out the impact of the transport system (asphalt paved roads) in the
development of a state’s economy; from the trade of goods and services to the safety of its
users. Most cities with poor transport systems are classified as underdeveloped and vice
versa. The economic impact of asphalt can be seen in its cost effective applications and
ability to generally improve the lives of people in the economy. Below are some reasons
for asphalt’s economic usefulness:
1. Recyclable with lower cost of pavement design: The ability to use asphalt over
and over again has made it one of the most recycled raw materials in North
America more than paper, plastic or aluminium due to little additional energy in
the process. Older roads can be reclaimed and used in the construction of new
pavement road to subsidize the cost of using virgin asphalt cement [9].
2. Speed of construction and maintenance: Asphalt pavements are quick to
construct and maintain compared to Portland cement concrete (PCC) pavements.
Long curing periods associated with PCC pavement is eliminated thereby reducing
user delay cost. Also rehabilitation of asphalt designed pavement can also be done
4

anytime during the day, nights and on weekends hence making maintenance quick
and cost effective [10].
3. Creation of jobs: In the US, the asphalt industry supports nearly 28,000 jobs for
every one billion dollars spent on Federal Highway construction [11]. Various
sectors of the economy are affected; beginning from supporting industries of the
construction sector like raw material producers, to the paving and compaction crew
even to non construction-related ones like administrative and managerial and
accounting support to asphalt businesses [12].
4. Longevity of asphalt constructed pavements: A well-designed, built and
maintained asphalt pavement has the ability to last for decades before being
replaced. Roads designed by asphalt are smooth and less noisy when in use as
compared to PCC pavements and are able to withstand traffic loads because of
their multi-layered design [11].

1.5 PERFORMANCE GRADING SYSTEM OF ASPHALT BINDER
Due to the chemical complexity of the asphalt cement structure, characterization of
performance by chemical analysis is extremely difficult. The performance of asphalt
binder is primarily classified based on it behavior at different climatic conditions, time in
service, and its ability to handle stress from traffic. Earlier conventional test methods were
used to determine performance but were limited in their ability to correlate their results
with observed field performance. An attempt to overcome these limitations led to the
introduction of new performance specifications known as SUPERPAVE® (SUperior
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PERforming Asphalt PAVements) developed by the Strategic Highway Research Program
(SHRP) in the USA [8]. SUPERPAVE® grading can basically be classified into:
 High temperature grade: At high temperatures asphalt becomes soft and viscous,
therefore susceptible to rutting under traffic loads. The high temperature grade,
determined using the DSR, gives the limiting maximum working temperature for
the construction of the asphalt pavement.
 Intermediate temperature grade: This grading, determined using the DSR, helps
to describe the pavements ability to withstand fatigue from road users. Other
approved ministry of Ontario test methods such as the DENT has proven to give a
better understanding of failure the asphalt behaviour at intermediate temperatures.
 Low temperature grade: This grading gives the asphalts ability to withstand low
temperature cracking which is a great concern in northern North America. The
stiffening behaviour of asphalt at low temperatures and its failure effects on
pavement performance is determined using the BBR described by SUPERPAVE®.
[8]

In general, asphalt grading can be expressed as Performance Grade (PG) or Performance
Grade Asphalt Cement (PGAC) XX-YY; where XX stands for the high temperature
working limit and –YY stands for the low temperature working limit. For example, the
binder with specification of PG 72-34 implies that such a binder would be capable of
resisting rutting at high summer temperature of 72 oC and withstand thermal cracking at a
low winter temperature of -34 oC. Also the 72 oC represents the average 7-day maximum
pavement design temperature while the -34 oC represents the 1-day minimum pavement
6

design temperature. The asphalt pavement is expected to survive environment conditions
at these temperatures amidst loading from traffic [6, 13].

1.6 SCOPE AND OBJECTIVE
Due to the increasing excessive and premature cracking on newly constructed asphalt
pavement roads, there is a need to focus asphalt rheological studies on field-aged,
recovered binders which have experienced real distresses as compared to simulated
laboratory processes. This could provide a practical assessment of the durability and long
term performance of asphalt binders and pavements. This study therefore aims to:
 Evaluate the rheological properties and long term performance of recovered fieldaged asphalt binders using AASHTO approved tests; Dynamic Shear Rheometer
(DSR), Extended Bending Beam Rheometer (EBBR) and Double Edge-Notched
Tension (DENT) methods. These results will be correlated with their
corresponding tank samples to ascertain any significant changes in binder qualities.
 Conduct chemical compositional analysis using Fourier transform infrared (FTIR)
and x-ray fluorescence (XRF), so as to assess the extent of oxidative aging as well
as the contribution of waste engine oil bottom (WEOB) and recycled asphalt
pavement (RAP) in facilitating such processes.
 Suggest easier and faster methods for studying low temperature and fatigue cracking
specifications. The gel point temperature test would be matched against the EBBR test for
thermal cracking, while the Glover–Rowe analysis would be compared with the DENT
test for fatigue cracking resistance. The need for the methods to complement or replace
each other would be considered.
7

Chapter 2
Literature Review
2.1 VISCOELASTIC PROPERTIES AND PARAMETERS OF ASPHALT BINDER

The science that deals with the viscoelasticity of asphalt binder is called rheology. It deals
with “the flow and deformation of materials under applied forces” and the instrument used
for these purposes are called rheometers [14]. The polar asphaltenes molecules in asphalt,
responsible for its elastic behaviour, form several polar bonds which can be broken and
reformed continuously. The non-polar components of the asphalt (saturates, resins and
aromatics) give rise to the viscous behaviour. Hence the interaction between the polar and
non-polar components of asphalt do largely influence engineering properties and
performance [5].

The performance of asphalt pavement strongly depends on the viscoelastic response of the
asphalt binder to changes in climate and traffic loading when undergoing deformation.
The response to deformation can be monitored as transient (with respect to time) or
dynamic (with respect to frequency). In the time domain, creep and relaxation processes
are the properties under study while in the frequency domain, the complex modulus and
phase angle between the stress and strain sinusoid are studied [15, 16]. The viscoelastic
nature of a material is best described by stress-strain curves as shown in Figures 2.1 and
2.2. They exhibit a time dependent strain and stress when subjected to constant stress and
strains respectively.
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2.1.1 Creep and Stress Relaxation (Transient properties)
Creep is when the strain in a material increases with time at a constant stress. When a
constant stress is applied at a time t0, there is an instantaneous elastic deformation as
shown in Figure 2.1 below. This creep response continues steadily until a time t1. If the
stress is removed, the asphalt recovers either partially or totally with time, from the
deformation [16], due to a back stress built within the material.

Figure 2.1 Schematics of Creep [16].

Dividing the strain at a particular time ε(t) by the stress σo gives the parameter J(t) known
as the creep compliance, J(t), which is roughly opposite the stiffness of the material.
“Creep stiffness is the measure of the thermal stresses in the asphalt binder resulting from
thermal contraction” [17].

𝐽(𝑡) =

𝜀(𝑡)
𝜎0

(1)

A polymeric material like asphalt would be linearly viscoelastic if the J(t) is independent
on the stress applied and this is usually achieved at low stress levels and shorter loading
9

times [16]. A creep rupture would occur if the back stress is equal to the applied stress.
This is an indication of the nonlinearity in the viscoelastic response [8].

When the strain in the deformed material is kept constant, the stress decreases with time
to keep the strain constant. The material is said to be relaxing under these conditions. The
decrease in stress at a specific time can be measured in a stress relaxation experiment.

Figure 2.2 Schematics of Stress Relaxation Response [16].

The measured stress at a particular time divided by the strain gives rise to the parameter
called relaxation modulus; E(t) for simple extension, G(t) for shear [18].

𝐺(𝑡) =

𝜏(𝑡)
𝛾0

(2)

where 𝜏(𝑡) is the time dependent shear stress and 𝛾0 is the constant shear strain.
A plot of strain against stress at a specific time is known as an isochronal. Viscoelastic
creep and relaxation of asphalt binder can be linear or nonlinear depending on low levels
10

of stress and strain, respectively [8]. At low levels, the strain within the asphalt binder is
proportional to the applied stress therefore the binder behaves as a linear viscoelastic
material; for a specific temperature and time. However, as the stress and strain levels
increase, a nonlinear effect is observed [9]. The bending beam rheometer (BBR) uses creep
and relaxation approach to determine the low temperature grade of the asphalt binder [19].

2.1.2 Phase Angle and Complex Modulus (Dynamic Properties)
The use of phase angle to describe the viscoelastic properties of asphalt binders is a
dynamic one. When sinusoidal stress is applied to material, a sinusoidal strain response is
produced. In elastic material, this response is simultaneous hence, the time lag between
the stress and the strain (known as the phase angle) is zero. For viscous materials the phase
angle between the stress and the strain is π/2. Viscoelastic materials like asphalt have their
phase angles between the ranges of 0 to π/2. Asphalt binder tends to be more viscous at
higher phase angles and more elastic at lower phase angles [16]. Also higher phase angles
are seen at high temperatures and vice versa.
For a given frequency of loading, the stiffness of the asphalt binder can be described by
the complex modulus G* which represents the energy stored and lost by the material
during the process. These two parameters, phase angle and the complex modulus, are used
by the DSR to describe the resistance to permanent deformation and fatigue cracking at
high and intermediate temperatures.
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2.2 AGING OF ASPHALT BINDER
Aging in asphalt binder is a phenomenon that affects the durability and performance of
asphalt designed pavement. It can be classified as chemical or physical depending on the
contributing factors. Generally, aging causes the asphalt binder to harden over time
thereby making the pavement susceptible to cracks and various forms of distresses. The
aging of asphalt binder begins from the mixing plant and continues until the day the
pavement is replaced or reconstructed. A good understanding of the types of aging would
help minimize the extent of its effects on pavement performance and durability.

2.2.1 Chemical Aging
Chemical aging is also known as oxidative hardening [9]. It involves the reaction of
oxygen with the constituents of the binder by means of free radicals or molecular processes
[20]. The free radical processes can be inhibited by a good antioxidant, however, they
become less useful when the asphalt binder is more viscous. The most prevalent cause of
chemical ageing is the uptake of atmospheric oxygen to form oxygen reactive compounds
like sulfoxides and carbonyls. Most oxidative hardening occurs in the hot mixing facility
where temperatures are high and the asphalt binder exit in thin films [9]. Also oxygen can
be trapped in the air voids created by an inadequately compacted pavement. The effects
of oxidative hardening include [20]:
 Changes in viscosity;
 Loss of cohesion and adhesion properties of asphalt binder;
 Separation of components; and
 Embrittlement.
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Figure 2.3 Functional Groups Produced through Chemical Aging in Binders [13].

2.2.2 Physical Aging
According to the AASHTO [21], physical aging (hardening) is defined as “a timedependent stiffening of asphalt binder that results from the time-delayed increase in
stiffness when the asphalt binder is stored at low temperatures. The increase in stiffness is
reversible when the temperature is raised above the glass transition temperature region”.
Usually below 0 oC constant temperature, maintained over a long period of time, asphalt
binder continues to shrink and harden [9]. This changes the rheology and specific volume
of the binder. This phenomenon has been associated with [22-24]:
 Free volume collapse due to structural relaxation of the molecular chains in asphalt binder
within the limits of its glassy state;
 Crystallization of wax content in the asphalt binder; and
 Reversible molecular association and interaction.
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Hassan et al. [22] predicted that the rate of physical hardening does not increase
indefinitely with decreasing temperature but rather peaks at a specific temperature and
approaches zero as the temperature increases or decrease towards the limits of the glass
transition.
Hesp et al. [19] concluded that the confidence that a pavement would resist deformation
under this process reduces from 98% to less 50% for a 6 oC loss in low temperature grade
using the extended BBR method. Although they were able to show a correlation of
physical hardening to the field performance of the asphalt binder, the lack of relatively
simple and short laboratory test has been a setback to the general implementation this
protocol. The effects of physical aging can be reversed by heating at sufficiently high
temperatures [24].

Aging of asphalt binder also occur during hot mixing and construction through the
volatilization of the lighter components of the binder. This aging process also known as
short-term aging is usually simulated in the lab using the rolling thin film oven (RTFO)
test. However, aging continues after the pavement is constructed due to environmental
temperatures. This is term a long-term or in-service aging and it is simulated in the
laboratory using the pressure age vessel (PAV) test [9].

2.3 FAILURE IN ASPHALT PAVEMENTS
When asphalt pavements are properly designed and maintained, they last for several
decades. However, this is not the case due to their exposure to various conditions such as
heavy traffic loads, rain, chemicals, sunlight and thermal stresses. Poor pavement design
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such as inadequate compaction, thin pavement structure and poor drainage leave the
pavement with all sorts of distresses, some of which are discussed below.

2.3.1 Permanent Deformation (Rutting)
“Rutting is the accumulation of the non-recoverable component of the responses to load
repetitions at high temperatures” [9]. It is characterized by the formation of ruts (surface
depression in the wheel path of vehicles due to unrecoverable strains) with the pavement
lifting up along the sides. At high temperatures, asphalt binder becomes less viscous
causing the materials in the pavement to move laterally and densify under traffic loads.
However insufficient subgrade structure of the pavement can cause it to settle under traffic
loads [25]. The use of excessive asphalt binder in the construction can also lead to rutting
since the binder tends to be the load carrier instead of the aggregates. Hence, at such high
temperatures, there is a loss of internal friction between the aggregates particles as the
asphalt binder tends to be less viscous.
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Figure 2.4 Rutting in Road Pavement [25].

The rutting resistance of an asphalt binder is determined in the laboratory using the DSR
by dividing the measured complex modulus with the phase angle; that is G*/sin δ (rutting
parameter) [5]. A high G* value and a low δ value are desirable for a good rutting
resistance [26].

2.3.2 Moisture Damage (Stripping)
Moisture damage is the distress caused by the presence and action of moisture (vapour or
liquid) by means of rain/snow penetration or uptake of ground water into the pavement.
When this happens, the adhesive force between the binder and the aggregates weakens
and/or the cohesive strength between the binder components, and the asphalt-filler mastic
is reduced. This makes the pavement soft and lose structural strength [27], thus leading to
stripping.
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Figure 2.5 Moisture Damage [28].

Some factors that contribute to asphalt susceptibility to moisture damage include [29]:
 Moisture sensitive aggregates like granite, gravels and other siliceous type
materials;
 Less viscous asphalt binders with low levels of asphaltenes are prone to stripping;
 High air void level (above 6% in a given mixture);
 Thin asphalt film thickness in pavement mixtures; and
 Considerable amount of rain or snow coupled with heavy traffic.
To reduce stripping, coating of aggregates with Portland cement and the replacement of
fillers by Portland cement has been found to be effective and less affect other properties
of the pavement [29]. Also anti-stripping agents, proper drainage and adequate pavement
compaction would control failures from moisture damage [2].

17

2.3.3 Fatigue Cracking
The word fatigue implies a sense of weariness caused by continual exertion of stress.
When asphalt pavement is subjected to repetitive cyclic loading from traffic over long
periods of time under low to moderate temperatures, they begin to develop longitudinal
cracks. As the stress from the traffic continues, these cracks interconnect transversely to
form a pattern similar to the back of an alligator or crocodile as shown in Figure 2.6.
Portions of these cracked pavement can be dislodged to form potholes in extreme cases.

Figure 2.6 Alligator cracks (left) and potholes (right) [30, 31].

The phenomenon of fatigue cracking could be considered more as a structural problem
than a material issue owing to the variety of contributing factors and the mechanism by
which it occurs [32]. Factors such as inadequate compaction, increase in the traffic load
than that anticipated in design, and poor drainage which weakens the pavements
supporting layers. Fatigue cracking initiate from areas of the HMA pavement where tensile
stresses are high. For thin pavement the crack starts from the bottom up while for thick
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pavement the crack initiates from the surface downwards. Fatigue mechanism in asphalt
mixes involves three stages [33]:
 Crack initiation – stage where new micro cracks shows up; usually in areas of high
tensile stress in the material;
 Crack Propagation – stable macro cracks develop from the initial micro cracks.
Most of the materials fatigue life is spent at this stage; and
 Disintegration – stable macro cracks become unstable at this stage causing the
material to collapse and fail finally.
To test for asphalt fatigue resistance in the laboratory, the complex modulus and the phase
angle obtained from the DSR are multiplied to give the parameter G*sin δ. Low values of
G* and δ are desirable for a good fatigue resistance [9].

2.3.4 Thermal Cracking
This type of pavement failure is prevalent in North America countries where the climate
is usually cold. As the temperature drops, thermal stresses are generated within the
pavement due to greater contraction of the asphalt binder than the aggregates. Extreme
temperature fluctuations during the day may also induce thermal stress within the
pavement. When the stress becomes equal or greater than the tensile strength of the
pavement, micro cracks are initiated at the surface and edges of the pavement. These
cracks continue downward upon additional low temperature cycles and loading. Thermal
cracking is usually observed as transverse pattern of cracks perpendicular to the direction
of the traffic at regular intervals (3-30 m) depending on the age of the pavement [34].
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Figure 2.7 Thermal Cracking Showing Transverse Patterns at Regular Interval [35, 36].

Thermal cracks are avenues by which water and fine particles move in and out of the
pavement. The freezing of water in these cracks during winter seasons leads to upward
lipping at the crack edge while a penetration of water in the form of de-iced solutions
softens the base of the pavement and leads to a depression at the crack. Fine particles
moving out of these cracks leaves air voids under the pavement and the cracks fractures
upon loading [37].
Some factors that influence thermal cracking in asphalt pavement may include:
 Binders with high viscosity, stiffness, low penetration;
 Less absorptive aggregates;
 Long periods of pavement surface temperature below the glass transition
temperature;
 Faster rate of cooling;
 Increase in pavement age or time in service; and
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 Pavement structure geometry like width, thickness, type of subgrade,
coefficient of friction between base course and asphalt concrete layer and
construction flaws.
Studies have it that an asphalt binder that stretches 1% of its original length would crack
during low thermal contraction. The low temperature resistance of asphalt is measured in
the laboratory using the BBR [9].

2.4 GRADING AND TESTING OF ASPHALT BINDER
Grading of asphalt binders helps to understand the properties of the binder and how they
translate into quality field performance. In order to do so, specifications are developed to
set standards to the test methods and operations of asphalt binders. Over the years, various
test methods have emerged in an attempt to grade asphalt binders so as to help engineer to
know which type of asphalt binder would yield better results.

2.4.1 Conventional Test Methods
The testing of asphalt binder began with chewing, in the 1800s, by experienced inspectors
to the determine the stiffness of the asphalt [38, 39]. However, in the1900s conventional
test methods such as penetration, viscosity, and softening point were adopted by the
American Society for Material Testing (ASMT). These test methods, gave rise to three
asphalt grading systems; penetration (PEN), viscosity (AC) and age residue (AR); which
are considered as empirical because they could not predict pavement performance at

21

higher and lower service temperatures nor they were able to relate it to fundamental
engineering properties like stress and strain [40].

2.4.1.1 Penetration Test
This test is one of the oldest test method aimed at measuring the consistency (hardness) of
an asphalt binder at a given test condition. It involves allowing a 100 g load on a needle,
penetrate the surface of the asphalt binder for 5 s, in a water bath of 25 oC maintained
temperature. The value is measured in decimillimeters such that one penetration unit is
equal to 0.1 mm [41].

Figure 2.8 Penetrometer (left) and a Schematic Diagram of the Penetration Test (right)
[42, 43].
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Thus, an asphalt binder of 60 PEN is said to have allowed 6mm length of the needle to
penetrate its surface within 5 seconds at a constant temperature of 25 oC. A low penetration
value is an indication that the binder is hard and vice versa. This method could therefore
be used to measure the changes in hardness with respect to time and temperature [44]. The
changes in the asphalt’s rheology with temperature also known as the temperature
susceptibility can be expressed by

𝑀=

𝑙𝑜𝑔(𝑃2 ) − 𝑙𝑜𝑔(𝑃1 )
𝑡2 − 𝑡1

(3)

where M = temperature susceptibility; t1, t2 are temperatures in oC; P1 is penetration at t1;
P2 is penetration at t2.

2.4.1.2 Softening Point Test
As the temperature increases, asphalt binder becomes soft and gradually a viscous liquid
due to its viscoelastic nature. This test is used to determine the point where asphalt binder
softens mostly within the temperature ranges of 30 oC – 157 oC. The softening point test
indicates the asphalt’s tendency to flow at elevated service temperatures. The apparatus
used is called the ring-and-ball apparatus which is usually immerse in a bath of water,
glycerin or ethylene glycol [45]. In the standard test method, two shouldered rings as
shown below (Figure 2.9) are casted with asphalts each and placed in a water bath, heated
at a controlled rate. A ball (35 g) is placed at the center of these asphalts and observed as
the binder softens. The mean temperature at which both balls, enveloped in the asphalt,
fall a distance of 25 mm (1.0 in) is called the softening point temperature. With the
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knowledge of the softening temperature and its penetration value at 25 oC, a penetration
index (PI) can be derived as follows:

𝑃𝐼 =

20 − 500𝑀
1 + 50𝑀

(4)

where M = {[log (pen at 25 °C) – log (800)]/ (25 - S.P. Temp.)}
PI values are used to characterize asphalt properties over very small temperature ranges.
For normal asphalt, PI values normally ranges from -2 to +2. A PI value greater +2 (low
temperature susceptibility) implies that the rheology of the binder would be less
significantly affected by changes in temperatures encountered in service. The opposite is
true for those with PI values less than -2 [44].

Figure 2.9 Ring-and-Ball Apparatus [46].

2.4.1.3 Viscosity Test
In an attempt to improve the empirical penetration test, the viscosity tests were developed
to deal with the fundamental physical property of the material. Viscosity is the measure of
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the resistance to flow of asphalt and it is expressed as a ratio of the applied shear stress to
the shear rate induced.
Viscosity = shear stress/ shear rate

(5)

The viscosity is constant for Newtonian fluids but for non-Newtonian fluids like asphalt,
where the relationship between the shear stress and rate is nonlinear, changes in the shear
stress result in changes in the viscosity [44]. Asphalt viscosity is traditionally determined
at standard temperatures of 60 oC (absolute), and 135 oC (kinematic viscosity during
mixing and placement) [47]. Unaged (AC grading) and RFTO aged (AR grading) binders
are characterized using this viscosity test to simulate the properties of the binder before
and after hot mixing process respectively [48]. The vacuum capillary or Brookfield
viscometer are used for asphalt viscosity measurement depending on the specification
required.

Figure 2.10 Vacuum Capillary Viscometer (left) and Brookfield Viscometer (right) [49,
50].
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Other conventional tests like solubility test to measure the purity of the asphalt binder, and
ductility test to measure how far the binder can stretch without breaking under standard
test conditions (5 cm/min at 25 oC) were necessary asphalt specifications [44, 51].

2.4.2 SUPERPAVE® and Ontario Test Methods
Due to the inability of conventional test results to efficiently predict the field performance
of the asphalt pavements, the Strategic Highway Research Program (SHRP) was
established by the United States Congress in 1987 [9]. After a five-years and $150 million
worth of research, the SUPERPAVE® (SUperior PERforming asphalt PAVEment) test
methods were introduced to handle pavement failures as discussed earlier. These test
methods utilize basic engineering principles to relate the physical properties of asphalt to
their field performance. Under the performance grading (PG) system of the
SUPERPAVE®, the physical properties of the asphalt grades are kept constant while
changing the temperature at which they are measured since the latter depends on the
climate condition of field. The SUPERPAVE® test methods relevant for this research are
described below.
2.4.2.1 Rolling Thin Film Oven (RTFO) Test
The purpose of this test is to simulate short-term aging of the asphalt binder that occurs
mostly due to the volatilization of the lighter components of the binder during the hot
mixing and placement process. However, aging due to loss of volatile mass is not much
prevalent during the service life of the asphalt pavement [52]. The test procedure is
performed on unaged asphalt binders by pouring 35 g into the RTFO bottles, then heating
them in the oven at 163 oC for 85 minutes [9].
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Figure 2.11 Rolling Thin Film Oven (left) and Test Bottles (right) [53, 54].

The rolling thin film oven test is an improvement on the Thin Film Oven Test (TFOT) due
to its ability to expose the asphalt binder to continuous heat and air and also keep modifiers
like polymers dispersed in the asphalt after the test. The test period is also significantly
reduced from 5 hours in the case of TFOT, to 85 minutes in the RTFO method [55].

2.4.2.2 Pressure Aged Vessel (PAV) Test
This test is aimed at simulating the long-term aging characteristics of the asphalt
pavement: its ability to withstand fatigue and thermal distress after 5-10 years of service.
The apparatus (Figure 2.12) is preheated before the commencement of the test. Fifty grams
of RTFO aged binders are poured into PAV pans, placed in a rack. The rack is then fed
into the pressure aging vessel and exposed to high temperatures (90 oC - 110 oC) and
pressure (2070 kPa) for 20 hours. The air pressure must slowly be reduced at the end of
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Figure 2.12 A Pressure Aging Vessel with Sample Rack (left) and Sample Pan with
Asphalt (right) [56, 57].

2.4.2.3 Dynamic Shear Rheometer (DSR) Test
The DSR is used to evaluate the effects of time and temperature on the performance of
asphalt binder. It measures the rheological properties of asphalt binders at high and
intermediate temperatures where rutting and fatigue cracking are prevalent. In the standard
DSR method, the test is measured in the oscillatory mode. The asphalt binder is placed
between two parallel plate with one oscillating while the other remains constant. The
resulting shear stress and shear strain expressed in equation (6) and (7) is measured from
the torque and angular rotation.
𝜏 = 𝜏𝑚𝑎𝑥 sin(𝑤𝑡 + 𝛿)

(6)

𝛾 = 𝛾𝑚𝑎𝑥 sin 𝑤𝑡

(7)
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Figure 2.13 Oscillatory Motion of the Applied Shear Stress and the Resulting Shear Strain
[58].

where 𝜏𝑚𝑎𝑥 is the peak shear stress; 𝛾𝑚𝑎𝑥 is the peak shear strain, w is the angular
frequency in rad/s, and 𝛿 is the phase angle, which is seen as a time lag between the
applied stress and its resulting strain. It is also the measure of the relative amounts of
recoverable and non-recoverable deformations. The complex modulus G*, can be
expressed as:
𝜏

𝐺 ∗ = 𝛾𝑚𝑎𝑥

(8)

𝑚𝑎𝑥

Using G* and δ, the high temperature and intermediate temperature performance grade of
the binder could be determined. “G* is a measure of the total resistance of a material to
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deformation when exposed to repeated pulses of shear stress” and consists of an elastic
(G’) and viscous component (G”) [9].

Figure 2.13 Dynamic Shear Rheometer [59].

DSR analysis is performed on unaged, RTFO and PAV samples. To determine the rutting
resistance of the binder, SUPERPAVE® specifies that the G*/sin δ parameter must greater
than 1.00 kPa for unaged binders and 2.20 kPa for RTFO aged samples. For fatigue
resistance, the PAV samples are used and the parameter G*sin δ must be less than 5000
kPa at the test temperature [9].

30

2.4.3 Ministry of Transportation Ontario (MTO) Approved Test
The Ministry of Transportation of Ontario in collaboration with researchers at Queen’s
University developed the extended BBR test (LS-308) and the double edge-notched
tension (DENT) test (LS-299). This was to improve upon the limitations of the
SUPERPAVE® in predicting the effect of physical aging on asphalt field service
performance. These approved test methods are currently being implemented and have
shown good reproducibility in the lab and also help to distinguish good performing asphalt
binders from poor ones.

2.4.3.1 Extended Bending Beam Rheometer (EBBR) [LS-308]
Extended bending beam rheometer test is an expansion of the regular BBR protocol
designed by the SUPERPAVE®. Regular BBR test procedure deals with the low
temperature properties of the asphalt binder. It evaluates the extent of deflection or
creeping the binder undergoes under constant load and temperature [9]. RTFO, PAV or
recovered (field-aged) samples are trimmed into rectangular beams and conditioned for 1
hour, in an ethanol bath at 10 oC and 20 oC above the pavement’s lowest service
temperature. The BBR is calibrated for loading and temperatures before testing begins
[60]. After the 1 hour of conditioning, the samples are placed on the loading shaft in the
BBR and subjected to 980 mN of load for 240 seconds. An isothermal test temperature of
10 oC above the low temperature grade designation is maintained in the BBR during
testing.
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Figure 2.14 Bending Beam Rheometer [17].

A computer connected to the BBR equipment displays graphs of deflection and load with
respect to time. Using the deflection versus time and the beam theory equation, the creep
stiffness can be calculated as:
𝑃𝐿3
𝑆(𝑡) =
4𝑏ℎ3 𝛿(𝑡)

(10)

where S(t) = creep stiffness (MPa) at time t; P = applied constant load, N; L = distance
between beam supports, 102 mm; b = beam width, 12.5 mm; h = beam thickness,6.25 mm;
and δ(t) = deflection in mm at time t. Furthermore, a plot of log of stiffness (measured at
several loading times) against log of time gives the parameter known as the m-value. Both
S(t) and the m-value are used as specification criterion (S (60) ≤ and m-value (60) ≥0.300)
for asphalt low temperature grades [9, 60].
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Figure 2.15 Deflection and Rate of Change of Creep Stiffness with Time [9].

The extension of the conditioning periods for regular BBR became necessary owing to its
inability to account for physical aging resulting from the long service periods of relaxation
and creep of the asphalt binder at low temperatures. The extended BBR test method
conditions samples in the same way as regular BBR except at three different times; 1, 24
and 72 hours successively. After each conditioning period, tests are conducted at two
different temperatures; 10 oC and 16 oC warmer than the low temperature grade
designation. The various limiting temperatures for each test at their corresponding
conditioning times are obtained and the warmest becomes the low-temperature limiting
grade. The difference between the warmest and the coldest limiting temperature gives the
grade loss of the asphalt binder. The higher the grade loss, the higher its susceptibility to
thermal cracking. If the grade loss after 72 hours of conditioning is greater than 6 oC, the
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asphalt cement is said to be of low quality since it fails to meet the LTPPBind ® 98%
confidence level and as such not suitable for pavement construction in cold temperature
areas [61]. High grade losses may be attributed to high wax content, unstable asphaltenes
dispersion from the asphalt supply, over-abundance use of recycled asphalt mixed with
virgin asphalt, reclaimed engine oil base (REOB) and other unknown sources [62].

2.4.3.2 Double-Edge-Notched Test [LS-299]
Ductility test was a specification that usually accompanied conventional penetration and
softening test to determine stretching ability of the asphalt binder when stress is applied.
Inspired by Dow’s work on ductility of asphalt [63, 64], Andriescu et al. set out to
standardized the method in a more fundamental and refrained framework by coming up
with the DENT test [65-69]. Designed with the aim of controlling fatigue cracking in
asphalt pavements, the DENT test utilizes the fundamentals of essential work of failure
(EWF) in its analysis. According to the EWF method, the total energy involved during the
ductile failure (i.e. plastic deformation fully developed around the ligament region prior
to the crack growth) of a pre-cracked specimen (Wt) can be separated into two terms:
𝑊𝑡 = 𝑊𝑒 + 𝑊𝑝

(11)

where 𝑊𝑒 is the essential work of failure which is the energy dissipated in the fracture
process zone and 𝑊𝑝 is the nonessential work of failure- the energy dissipated in the plastic
zone. In expressing equation (11) in specific terms, the essential work of failure and nonessential work of failure are related to the cross-sectional area and volume of the plastic
zone respectively as shown in equation (12):
𝑊𝑡 = (𝑤𝑒 × 𝐿𝐵) + (𝑤𝑝 × 𝛽𝐿2 𝐵)
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(12)

Diving through by LB gives:
𝑊𝑡
𝐿𝐵

= 𝑤𝑡 = 𝑤𝑒 + 𝛽𝑤𝑝 𝐿

(13)

where B is the DENT thickness, L is the ligament length and β is a shape factor to
determine the volume of the plastic zone. The 𝑤𝑒 and 𝑤𝑝 are the specific essential and
plastic (non-essential) work respectively. A linear graph is obtained by plotting the
specific total work of failure 𝑤𝑡 , of a series of DENT specimens as a function of their
ligament length, L. The slope is the product of the shape factor and the specific plastic
work of failure while the intercept is a reflection of the specific essential work of failure.
An important parameter of this test method is the crack tip opening displacement (CTOD)
which can also be obtained by dividing the specific essential work by the yield stress,
𝛿𝑡 =

𝑤𝑒
𝜎𝑛

(14)

where 𝛿𝑡 = CTOD parameter (m), and 𝜎𝑛 = yield stress (N/m2) , usually obtained from
the 5 mm ligament length of the DENT mold.

Figure 2.16 DENT Mold Showing the Fracture and Plastic Zones [70].
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For the standard test, three double notched samples of ligaments 5, 10, and 15 mm are
conditioned in a water bath for 3 hours at a moderate temperature of 15 oC. The samples
are pulled apart as shown in the diagram at a speed of 50 mm/min until they fail.

Figure 2.17 Sample Set-up for DENT Test [35].

2.5 FACTORS INFLUENCING ASPHALT VISCOELASTIC PROPERTIES
2.5.1 Temperature and Frequency Effects
Temperature and frequency play significant roles in the viscoelastic behaviour of asphalt
binders. As temperature increases, thermal stresses develop within the pavements causing
asphalt to lose it elastic component and become more viscous. This manifestation is seen
as a decrease in modulus due to breakdown of weak intermolecular forces between the
components and increase mobility of amorphous chains.

At higher frequencies, elastic recovery is prominent as less time is available to convert the
strain energy into viscous loss energy (heat). However, at such low frequency levels, the
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effect of frequency on strain level in asphalt is minimal since its viscoelastic behaviour is
linear.

2.5.2 Asphalt Modification
Modification of asphalt cement involves the addition of additives that alter the viscoelastic
properties of the binder in order to increase its overall performance on the field of service.
The aim of modification is to prevent pavement distresses by increasing its resistance to
one pavement distress (e.g. rutting) while at the same time maintaining its properties at
other temperatures. This has become necessary due to the increased demand on HMA
pavements, economic and environmental issues, and an attempt to meet SUPERPAVE®
asphalt binder specifications in regions of extreme conditions [71, 72]. A good asphalt
modifier must be cost effective, readily available, able to blend with the asphalt, and must
not degrade during asphalt mixing.
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Table 2.1 List of Types of Modifiers, their General Purpose or Use and Some Generic

Examples of the Additives [71].
Type

Filler

Extender

Rubber

Plastic

General Purpose or Use
Fill voids and therefore reduce
optimum
asphalt
content;
meet
aggregate
gradation
specifications; increase stability;
improve the asphalt cementaggregate bond
Substituted for a portion of
asphalt
cement
(typically
between 20 – 35 % by weight of
total asphalt binder) to decrease
the amount of asphalt cement
required

Increase HMA stiffness at high
service
temperatures
Increase HMA elasticity at
medium service temperatures to
resist
fatigue
cracking
Decrease HMA stiffness at low
temperatures to resist thermal
cracking

Rubber-Plastic
Combinations

Fiber

Oxidant

Generic Examples

Mineral filler, crusher fines,
lime, portland cement, fly ash
Carbon black

Sulfur
Lignin

Natural
latex,
Synthetic
latex
(e.g., Polychloroprene latex)
Block
copolymer
(e.g., Styrene-butadiene-styrene
(SBS))
Reclaimed
rubber
(e.g., crumb rubber from old
tires)
Polyethylene/polypropylene
Ethylene acrylate copolymer
Ethyl-vinyl-acetate
(EVA)
Polyvinyl
chloride
(PVC)
Ethylene propylene or EPDM
Polyolefins
Blends of rubber and plastic

Improving tensile strength of
HMA
mixtures
Improving cohesion of HMA
mixtures
Permit higher asphalt content
without significant increase in
drain down
Increase HMA stiffness after the
HMA is placed
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Natural:
Asbestos, Rock wool
Manufactured:
Polypropylene,
Polyester
Fiberglass, Mineral Cellulose
Manganese salts

Type
Antioxidant

Hydrocarbon
Antistripping
Agents
Waste
Materials

General Purpose or Use
Increase the durability of HMA
mixtures by retarding their
oxidation
Restore aged asphalt cements to
current
specifications
Increase HMA stiffness in
general
Minimize stripping of asphalt
cement from aggregates
Replace aggregate or asphalt
volume with a cheaper waste
product

Generic Examples
Lead
compounds,
Calcium salts

Carbon

Recycling and rejuvenating oils
Hard and natural asphalts
Amines
Lime
Roofing shingles,
tires, Glass

Recycled

Among the various additives like metal complexes, fillers, silicones and organic anti-strip
agents; used in asphalt modification, polymers modified asphalt (PMA) are gaining
prominence besides due to their high elastic recovery, greater ductility and cohesive
strength. PMA pavements demonstrate better rutting, fatigue and low temperature
cracking resistance, decreased thermal susceptibilities than pavements constructed with
virgin asphalt binders of the same performance grade [73]. Increasing PMA at the bottom
of asphalt layer would boost the fatigue limit of pavement [74].

Sebaaly et al. revealed that the viscosity at 60 oC of virgin binders tends to increase upon
modification with barely slight changes in their penetration at all temperatures [75]. An
increase in the viscosity of asphalt binder upon the addition of polymer could be attributed
to the diffusion of the non-polar aromatic and saturate components of the asphalt binder
into the more viscous polymer phase hence increasing the asphaltenes content in the
matrix. This diffusion is seen as a swelling effect in polymer strands which can be
determined by centrifugation at high temperature [76]. Some polymers widely used for
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road pavement include styrene-butadiene-styrene (SBS), styrene-butadiene rubber (SBR)
and polybutadiene, ethylene vinyl acetate (EVA).
The polymer chains provide excellent interlinking network to the asphalt, thereby
strengthening its cohesive bonds and adhesiveness to aggregates. This increases asphalt
modulus and enables pavement to withstand permanent deformation (rutting) [76]. Fu et
al. [77] observed a boost on the G* with a corresponding decrease in tan δ at higher
temperatures upon addition of 5% SBS to virgin asphalt binders: an indication of increased
elasticity.

Figure 2.18 Variation in Complex Modulus (G*) and tan δ with Temperature for Virgin
and Modified Asphalt Binders at 10 rad/s [77].

Ait-Kadi et al. [78] observed a lower constant percentage loss in volatile component for
PMA as compared to virgin binders, thus proving to have good resistance to oxidation and
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aging. It is however important to note that the issue of phase separation and stability after
long period of storage is a major challenge to the extensive usage of polymer blends.

2.5.3 Recycled Asphalt Pavement (RAP)
The processing of old asphalt pavement to be reused in the construction of new ones is
termed recycling. Reclaimed or recycled asphalt pavements (RAP) is the removed and/or
processed asphalt pavement materials consisting of aged asphalt and aggregates. It can be
used for surface, cold-mix, or the most common- hot-mix recycling [4]. Though practiced
since 1915, the use of RAP in hot mix pavement construction has gained popularity these
past few decades due to the increasing cost of virgin binders, scarcity of the crude sources
and other environmental needs. Over 100 million tons of RAP are generated yearly, in the
US from the reconstruction and rehabilitation of existing highways. Almost all its 50 states
use some percentage of RAP as substitutes depending on the particular states’
specifications.
Researchers have shown that RAP mixes perform equally if not better than virgin mixes.
They are able to withstand moisture and age at relatively slow rate compared to virgin
asphalt pavements [79-82]. Also, Baoshan et al. [83] indicated that the energy absorbing
toughness of Portland cement concrete can be notably improved with decrease in the
compressive and split tensile strength when RAP is incorporated. However, Hesp et al.
[62] argued that though RAP may boost the rutting resistance of asphalt pavement, the
over-abundance usage of RAP in hot mix maybe possible causes of premature pavement
failures observed as fatigue and low temperature cracking (pavement distresses prevalent
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in Canada and North America). They suggested that RAP may be used in the subgrade of
the pavement but must not be allowed for paving at the surface level.

Figure 2.19 Increase of Rutting Parameter for two cities pavements in Pakistan (left) and
Creep Stiffness with % RAP (right) [79].

2.2.4 Effects of Morphology/ Composition
The high molecular weight asphaltenes in asphalt are considered as micelles dispersed in
lower molecular weight maltenes (aromatics and saturates), according to colloidal science.
This description gives rise to two types of asphalt (sol and gel) binders based on their
ability to flow elastically. Sol-type asphalts binder tends to flow readily with little
elasticity due to the dispersed nature of their asphaltenes in the high quantities of resins
and saturates. On the other hand, the gel-type binders flow with significant elasticity,
showing “thixotropic behaviour, low ductility, low temperature susceptibilities and high
rates of age hardening” [2, 32].
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Figure 2.20 Gel-type Binder (left) and Sol-type Binder (right) [72].
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Chapter 3
MATERIALS AND EXPERIMENTAL METHODS
3.1 MATERIALS
The materials used in this study were obtain from various contracts locations in Ontario.
Tank samples were obtained as unaged binders from the various contracts during
construction. Core samples were obtained as cut portions from the already constructed
asphalt pavements with between 3 to 7 years of service. Table 3.1 provides the list of
samples with their respective performance grades.
Table 3.1 Municipal Samples with their Respective Performance Grades.
Sample Code

Performance Grade

A-1

70-34

A-2

64-34

A-3

64-34

A-4

64-34

A-5

64-28

A-6

64-28 EXT

A-7

58-28

A-8

58-28

A-9

58-28 PMA

A-10

58-28 PMA
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3.2 EXPERIMENTAL METHODS
3.2.1 Asphalt binder recovery from core samples
The recovery of the asphalt binder was conducted in two steps:


Dissolution of core samples: About 5 kg to 6 kg of broken core samples were
dissolved in an empty can using dichloromethane. Dichloromethane is a volatile
organic solvent capable of dissolving the asphalt binder from its aggregates. The
mixture is left overnight to allow sufficient time for the binder to be dissolved. The
dissolved binder was then poured into labelled bottles for further extraction. This
process was however repeated several times to ensure that all the binder has been
dissolved in the solvent.



Distillation using the Rotary Evaporator: The dissolved binder mixture was
placed in the rotary evaporator and heated at a temperature of 70 to 80 oC at an
aspirator pressure of 180 mbar. The solvent evaporates, condenses and was
collected in a separate compartment of the rotary evaporator. The pressure was
slowly decreased until almost all the solvent was extracted. The temperature was
then increased to 160 oC at a constant pressure of 10 mbar to eliminate any trace
of the solvent present in the asphalt binder residue.
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Figure 3.1 Rotary Evaporator [84].

The recovered asphalt binder was poured into well labelled beaker and weighed and sent
for further sample analysis.

3.2.2 Rolling Thin-Film Oven (RFTO) Test
This test method was conducted on tank samples to simulate the aging behaviour of asphalt
binder in the hot mix facility and during placement using the SUPERPAVE® specification
procedures.
The binders were heated below 163 oC, in an oven until fluid while preheating the RFTO
oven at 163 oC. Approximately 35 g of the heated binder were poured into the RFTO
bottles and placed into the circular metal carriage of the RTFO oven. The bottles were
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allowed to rotate at a rate of 15 revolutions per minute at a constant air flow of 4000
mL/min for 85 minutes [9].

3.2.3 Pressure Aging Vessel (PAV) Test
Using SHRP’s modified procedure for PAV test, the RTFO-aged binder was further
exposed to high pressure and temperature to simulate the long term in-service aging effect
on the binder. Approximately 50 g of the RTFO-aged binder was spread in 10 PAV plates
each and heated at a temperature of 90 oC and pressure of 2.08 MPa for 20 hours.

3.3 PERFORMANCE GRADE TESTS
The high and intermediate temperature grades were determined using the dynamic shear
rheometer while the bending beam rheometer was used to find the low temperature grade
of the asphalt binders. The DENT test was employed to analyse the fatigue resisting ability
of the asphalt pavement.

3.3.1 Dynamic Shear Rheometer (DSR) Test
The test requirements for the high and low temperature grade determination are detailed
in Table 3.3. The former describes the rutting resistance while the later describes the
fatigue resistance of the asphalt binder. The samples were heated enough (below 163 oC)
into fluid to enable pouring into silicon moulds as shown in the figure below. The parallel
plates of the DSR were fixed based on the type of testing to be conducted. The gap between
the plate was calibrated to zero and the temperature is set to 46 oC. This preheating
procedure was done to promote adhesion between the asphalt binder and the plates. The
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sample to be tested was placed on the fixed end of the parallel plate and the oscillating end
of the plate was lowered slowly to slightly touch the surface of the sample.

Figure 3.2 DSR Sample Sizes for High and Intermediate Temperature Grade [85].

A trimming gap was set to compress and get rid excess binder as a result of pouring and
to obtain a good thickness for testing. The binder was removed using a heated trimming
tool from the sides of the plates. The temperature range and gap were set and the samples
conditioned, at an oscillating frequency of 10 rad/sec for 10 load cycles. Additional 10
load cycles were run by the DSR to obtain the test data from the software. The complex
modulus (G*) and the phase angle (δ) were used by the software to compute the high and
low temperature grade of the asphalt [86].
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Table 3.2 Test Requirements for DSR Testing
Intermediate Temperature
Parameter

High Temperature Grade
Grade
Unaged, RTFO

PAV

1inch thickness; 25 mm

2 inches thickness; 8 mm

diameter

diameter

Spindle geometry

25 mm

8 mm

Trimming gap

1050 μm

2100 μm

Testing gap

1000 μm

2000 μm

58 to 76 oC

34 to -2 oC

Sample type

Sample dimensions

Testing temperature
range
Specification

G*/sin δ (≥ 1.00 kPa for

parameter

unaged; ≥ 2.20 kPa for RTFO)

G*sin δ (≥ 5000 kPa)

Black space diagrams were also plotted to describe the rheological behaviour at both high
and intermediate temperatures. Glover–Rowe analysis were also conducted to compare
the extent of fatigue resistance for good and poor performing binders.

3.3.2 Extended BBR Testing
The PAV-aged and recovered field-aged binders were used in this test to analyse the
thermal cracking and physical hardening resistance of the binder. The samples were heated
to fluid and poured into rectangular molds of specified dimension and allowed to cool for
45 to 60 min. Six asphalt beams each, were conditioned at 10 oC and 20 oC above the
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pavement design low temperature in ethanol baths for 1, 24 and 72 hrs. The samples are
then tested after each conditioning at 10 oC and 16 oC as per the AASTO protocol [21].
Hence samples with PG grade 58-28 were conditioned at -18 oC and -8 oC; and tested at
-18 oC and -12 oC. The m-value and creep stiffness obtained after 60 seconds were used,
through extrapolation, in calculating the limiting grades for each conditioning period and
testing temperature. The low temperature limiting grade was assigned to the warmest
temperature among the limiting grades and the subsequent grade loss for the asphalt binder
was determined after 72 hours of conditioning [87].

3.3.3 Double-Edged-Notch Tension (DENT) Test
In this test, the PAV aged and recovered (field aged) samples were heated and stirred to
homogenous fluid free of air bubbles, at a temperature below 163 oC. The samples were
then poured into a silicon mould fitted with six aluminium end pieces as shown and
capable of forming three samples with ligaments 5 mm, 10 mm and 15 mm as shown in
Figure 3.2. The samples were allowed to cool and excess asphalt binder was trimmed using
a hot spatula. The samples in their molds were left at room temperature for one hour then
conditioned for 3 hours at 15 oC in a temperature controlled water bath of the DENT
apparatus. The samples were careful removed after conditioning to prevent excessive
deformation and the thickness were recorded and then loaded through the end pieces onto
the apparatus’ loading pins. The test commenced by pulling the samples by their ends at a
constant rate of 50 mm/min until ductile fracture was reached. Replica samples were also
prepared and tested in the same manner for reproducibility of results. The essential work
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of failure, plastic work of failure and CTOD were calculated from the results obtained [8889].

Figure 3.3 Silicon DENT Molds Fitted with Aluminum End Pieces [13].

3.4 FOURIER TRANSFORM INFRARED (FTIR) ANALYSIS
This analysis was done to characterise the various functional groups present in the asphalt
binder and the extent of their contribution to both physical and chemical aging of the
binder. A Perkin-Elmer 400 series FTIR spectrometer was used for this purpose. A disc
made of potassium bromide (preheated at 140 oC) was coated with thin layer of the
recovered (field-aged) sample and allowed to dry. A background scan was performed to
calibrate the instrument before running the test. The coated disc was then placed in the
apparatus and run with 16 scans over a range of wavelengths, 4000 cm-1 to 400 cm-1. The
functional groups in the sample were identified using the integral boundaries (Table 3.3)
of the peak areas obtained from the experimental data.
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Table 3.3 Functional Groups and Wavelength in which They Appear [13].
Integral Boundaries of
Functional Group
wavelength (cm-1)
Styrene

710 – 696

Butadiene

983 – 955

Sulfoxides

1070 – 985

CH3

1400 – 1300

Aromatics

1650 – 1535

Carbonyl

1760 – 1665

CH2

3121 – 2746

The functional group indices were calculated as:
𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝 𝐼𝑛𝑑𝑒𝑥 =

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

(15)

CH2 was considered as the internal standard due to its relative inertness to oxidative
changes.

3.5 X-RAY FLOURESCENCE (XRF) ANALYSIS
The aim of this test is to ascertain whether waste engine residue was incorporated into the
asphalt binder as a form of modifier or additive. This is necessary because, the presence
of waste engine residue has been found to contain zinc, molybdenum and other heavy
metals which have been associated with premature pavement failures [88]. Zinc
thiophosphates are used as antioxidant and anti-wear agents while molybdenum disulphide
is also used as a lubricant in engine oils.
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Asphalt binders were analyzed for the presence and amount of heavy metals such as Zn
and Mo using a hand-held Brucker Tracer III analyzer. Electrons in inner K shell are
knocked off when the surface of the samples are irradiated with high-energy X-ray
radiation. Outer L and M shell electrons descend into these empty spaces created and in
doing so emit low energy X-ray fluorescence, characteristic of the type of element present
in the sample.
In this test, each sample was placed in a Ziploc bag and scanned for 20 seconds. The
presence of zinc and molybdenum were determined at 8.64 keV and 17.48 keV
respectively. The quantity of Zn and Mo were determined from the peak height of an
intensity versus X-ray energy plot, and compared with a standard reference. The standard
used was obtained from straight engine oil residue and underwent the same procedure.
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Chapter 4
RESULTS AND DISCUSSION
4.1 EXTENDED BBR ANALYSIS
The extended BBR test was conducted on samples to ascertain their low temperature
cracking resistance according to the AASTO protocol.
Table 4.1 EBBR Results of Binder Samples after 1 hr and 72 hr Conditioning and their
Respective Grade Losses as well as the Gel Point Temperature at a Dynamic Phase Angle
of 45o.
SAMPLE
A-1

Tank
Recovered

-36.0
-35.4

-31.1
-33.9

A-2

Tank

-34.0

-32.2

1.8

-

Recovered

-33.1

-29.6

3.7

14

A-3

Tank
Recovered

-34.7
-34.2

-32.2
-31.6

2.4
2.6

14

A-4

Tank
Recovered
Tank
Recovered

-25.0
-30.0
-32.3

-11.0
-28.2
-29.8

14
1.8
2.5

37
14

A-6

Tank
Recovered

-30.0
-33.1

-28.5
-29.9

1.7
3.2

13

A-7

Tank
Recovered

-31.0
-20.0

-28.7
-11.8

2.7
8.8
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A-8

Tank
Recovered
Tank
Recovered

-27.7
-37.0
-28.1

-23.3
-33.5
-23.2

4.4
3.8
4.9

21
24

Tank
Recovered

-34.1
-32.3

-30.7
-27.3

3.3
5

19

A-9
A-10

EBBR (72 hr)

*T (δ=45o),
oC
11

72 hr Grade
Loss
4.9
1.4

A-5

BBR (1 hr)

*Gel point temperature T (δ = 45o), would be discussed later under DSR analysis.
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All the tank samples showed temperatures lower than their minimum performance grades
and would therefore be expected to show good resistance to thermal cracking at
temperatures equal or warmer than that stipulated by the mix design specification. The
recovered samples on the other hand were able to meet the low temperature grade limit of
-28oC for the design surface temperature with the exceptions of recovered samples A-8
(-27.7 oC), A-4 (-25 oC) and A-7 (-20 oC) which were 0.3 oC, 9 oC and 8 oC warmer than
their respective low temperature performance grades.

This is an indication that both

pavements experienced high levels of thermal contractions, possibly facilitated by the
addition of WEOB or recycled asphalts, and would therefore perform poorly during winter
seasons.
SAMPLES
A-1

A-2

A-3

A-4

A-5

A-6

A-7

A-8

A-9

A-10

LOW TEMPERATURE GRADE, oC

0
-5
-10
Tank

-15

Recovered
-20

-20
-25

-25
-30
-35

-30
-34.2
-34-33.1
-35.4
-34.7
-36

-30

-32.3

-28.1

-27.7

-31

-32.3
-34.1

-33.1
-37

-40

Figure 4.1 Low Temperature Grade for the Both Tank and Recovered Samples after 1 hour
of Conditioning According to AASHTO M320.
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With reference to Table 3.1, modified asphalt samples A-6 and 10 show a good low
temperature performance, even though A-9 lies on the border line with 0.1 oC colder than
the design surface temperature for the contract location. The question is would these
modifications stand the test of prolong low temperature exposures? It is however important
to note that the one-hour low-temperature grade test does not truly reflect the long term
performance of the pavements because it does not take into account the effects of physical
hardening. This can be clearly seen from the differences in the grade losses of each sample;
ranging from as low as 1.4 oC to as far 14 oC as shown in Figure 4.2.

16

14

EBBR GRADE LOSS oC

14

Tank

12

Recovered
10

8.8
8
6

4.9

4.4

3.8

3.7

4

2.42.6
2

1.4

4.9

2.5
1.8
1.7

1.8

3.2 2.7

0

5.0
3.3

0

0
A-1

A-2

A-3

A-4

A-5

A-6

A-7

A-8

A-9

A-10

SAMPLES

Figure 4.2 Various Grade Losses of the Samples for Both Tank and Recovered Samples
after 72 hours of Extended BBR Conditioning.
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According to the LS-308 protocol a grade loss of 6 oC or more is an indication of a poor
quality asphalt binder and thus would not be capable of withstanding low temperature
cracking. This also explains the extent physical hardening that occurred when asphalt
cement was exposed to low temperatures for long periods of field service. With the
exception of A-1 all the tank samples recorded lower graded losses than their
corresponding recovered samples. Tank sample A-1 may experience physical hardening
issues when exposed to harsher winter conditions.
In general, we see that both tank and recovered samples performed well, having grade
losses below the maximum 6 oC, with the exception of recovered samples A-4 and A-7
which recorded grade losses of 14 oC and 8.8 oC respectively. These huge grade losses
reveal the poor quality asphalt binders used in these contracts. Also recovered samples
A-8, A-9 and A-10 seem to approach the maximum grade loss limit and would therefore
be expected to crack given a few more years. The possibility of overheating during hotmix production of the asphalt, addition of waste engine oil base, or too much use of
recycled asphalt is suspected for these materials. These pavements have experienced
severe cracks over period of 3 to 7 years even after series of maintenance. A-5, A-3 and
A-1 have the least grade losses of 2.5, 2.6 and 1.4 oC respectively among the recovered
samples and would be able to withstand low temperature cracking distresses.
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Figure 4.3 A Picture of A-4 and A-7 Showing Transverse Cracks in Early Life.

The higher rate of physical aging observed after 3 to 7 years of service life as compared
to the prediction of 8 to 10 years RTFO/PAV test on their tank samples raises concerns
about the longevity of these pavement, especially in the winter seasons. This also suggests
that whatever was added to improve the thermal cracking performance of those pavement
would be short lived. A better assessment of field performance could be done by
considering the fatigue cracking of the various samples.

4.2 DENT ANALYSIS
The fatigue cracking resistance of the various binders were analyzed using the total work
of failure parameters: 𝑤𝑒 , 𝑤𝑝 and CTOD. Higher values of these parameters indicate a
good tolerance of the binder to strain when stretched and thus more energy would be
required for such binders to undergo ductile failure.
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Load Displacement Curves
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Figure 4.4 Load Displacement Curves for A-1.
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Figure 4.5 Load Displacement Curves for A-2.
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100

Figures 4.3 and 4.4 are two different samples with similar load displacement curves. In
both cases the test was run for replica samples which attests to the reproducibility of the
DENT test method as shown in the figures above. All other samples tested gave a similar
curve. The test conditions used (150 mm/min, at 15 oC) were selected to simulate relatively
slower traffic at lower temperature around the freeze-thaw regime, where significant
cracking is believed to occur.

4.2.1

Crack Tip Opening Displacement

The CTOD however shows a better and more recognizable correlation between the asphalt
properties and its field performance. It describes the amount by which a tiny fiber (fibril)
of asphalt cement can be stretched under severe constraint in the ductile state until it fails
[89]. Asphalt cements with high CTOD will flex more under traffic loading and would
therefore prove better resistance to fatigue cracking.
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35

31.1
28.2

CTOD, mm

30

Recovered

24.4
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20

17.1
14.1

13.4

15
10
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28.9

15.6

14.4
11.7 12.7
10.4

13.2

9.9

14.9

5.7
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5
0

0

0
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A-5
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A-8
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A-10
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Figure 4.6 CTOD Values for Tank (RTFO/PAV aged) and Recovered Samples (fieldaged).

The CTOD values were calculated as an approximate of the specific essential work of
fracture divided by the net stress in the smallest ligament (i.e. 5 mm). According to the
LS-299 protocol, asphalt binders with performance grades of PG-28 and PG-34 must have
a CTOD equal or greater than 14 mm and 20 mm respectively. Hence, the tank samples
A-1 to A-3 with performance grades of PG-34 did not meet the criteria for fatigue cracking
resistance even though their corresponding recovered samples passed. For samples with
PG grades of -28 oC, only tank samples A-7 and recovered samples of A-5 and A-6 passed
the CTOD criteria of 14 mm respectively. However, both samples of A-10 and tank sample
A-5 are few millimeters above the border line CTOD value and therefore would be
expected to experience fatigue cracking sooner, upon additional years in service. In
general, all the recovered samples did favorably well compare to their corresponding tank
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samples with the exception of A-7 and A-9. The recovered samples would therefore be
able tolerate strain at higher degrees of stress concentration than their respective tank
samples. This remarkable since the recovered samples were obtained from contracts which
were between 3 to 5 years in service, yet the combined effect of RTFO/PAV aging were
designed to represent 8 to 10 years of asphalt field service. This however goes to prove
that long period of aging have significant effects on the ductile properties of asphalt
binders. Tank samples for A-4 and A-8 were not available for testing. Recovered samples
A-4, A-7, A-8 and A-9 are expected to fail miserably in terms of fatigue cracking.

4.2.2 Specific Essential Work of Failure
The specific essential work of failure is the specific energy needed to produce new surfaces
of material and as such, as a good material property has a good potential in ranking asphalt
performance. High specific essential work of failure values imply that more energy would
be required for the asphalt binder to undergo ductile failure. This would in turn reflect in
the pavement’s ability to tolerate strain and thus withstand fatigue cracking. Interestingly,
all the recovered samples showed high (approximately twice) specific essential work of
failure values than their corresponding tank samples. Hence they would be more tolerant
to strains and resist fatigue cracking induced by traffic loads at ambient temperatures. The
values for the recovered samples would be expected to be similar to that of their tank
samples after 8 to 10 years in service. Recovered A-1 can be seen to have a moderate
specific essential work of fracture and a high CTOD value which is very positive for the
resistance of fatigue cracking.
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Figure 4.7 Specific Essential Work of Failure for Tank and Recovered Samples.

4.2.3 Specific Plastic Work of Failure
Unlike the specific essential work of failure, the specific plastic work of failure is not a
material property but is affected by the geometry of material outside the facture zone.
Though, not a good criterion for grading asphalt performance like the CTOD and specific
essential work, high specific plastic work of failure indicates a good mix design as
reflected by the content of asphalt binder and air voids. High binder content in the mix
design imparts high strain tolerance while small percentage of air voids in the mix design
reduce the rate of aging. Therefore, higher specific plastic work of failure value indicates
good fatigue cracking resistance ability.
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Figure 4.8 Specific Plastic Work of Failure for Tank and Recovered Samples.

Figure 4.8 compares the plastic work of failure of tank samples and their respective
recovered samples. Unlike the CTOD and the specific essential work of failure, the
recovered samples showed lower plastic work of failure than their corresponding tank
samples. A-5 and A-6 would show good mixture design properties since both the tank and
recovered samples have fairly high values of plastic work of failure, and thus would impart
high strain tolerance to the pavement. This is seen in their consistently high 𝑤𝑒 and CTOD
values. Recovered A-7 sample exhibited the worst specific plastic work of failure.

4.3 DYNAMIC SHEAR RHEOMETER (DSR) TEST ANALYSIS
The rheological properties of the recovered samples were tested at high and intermediate
temperatures to ascertain their ability to withstand permanent deformation (rutting) and
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fatigue cracking respectively. The complex modulus G* and phase angle δ were obtained
and analyzed according to SUPERPAVE® specifications [9].

4.3.1 High Temperature Grading
The temperature at which the rutting resistance parameter, G*/sin δ is greater or equal to
2.20 kPa was used to evaluate the various performance grade of the binders at high
temperatures. Figure 4.9 shows the high temperature performance grades (PG) for all the
recovered samples.
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Figure 4.9 High Temperature Grades for Recovered Samples.

A-4 and A-7 recorded very high maximum temperature grade values compared to the
expected 64 oC and 58 oC at the time of their construction. This indicate relatively high
amounts of elastic nature in these binders, giving them a good resistance to rutting
compared to the others. Research has shown that the addition of recycled asphalt to virgin
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binders during hot mixing increases the G*/sin δ which in turn raises the limiting
maximum temperature grade significantly. This therefore could be a possible cause for
this observation. However, at low temperatures during winter periods, both samples would
be more brittle and less ductile. This is evident due their high grade loss and low CTOD
values as shown in Figures 4.2 and 4.6 respectively. In general, all the recovered samples
performed well and would be durable during the high temperatures of summer seasons.

4.3.2 Intermediate Temperature Grading
Using the measured G* and δ from the DSR instrument, the temperature at which the
G*sin δ parameter was less than 5000 kPa was determined according to the standard
protocol of AASHTO M320 specifications. Asphalt binders with low intermediate
temperature grades demonstrate good fatigue cracking resistance. Figure 4.10 represent
the intermediate temperature grades for the recovered samples.
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Figure 4.10 Intermediate Temperature Grades for Recovered Samples.

Once again we see that A-4 and A-7 show high limiting intermediate temperature grades
of 24 oC and 23 oC respectively. This is a result of increase in complex modulus of the
asphalt binders at low temperatures induced possibly by the addition of recycled asphalt
to the virgin asphalt. Such pavements would be brittle and develop micro cracks within
very short periods of time under slow repetitive traffic loads as compared to the rest. A-1
records the lowest temperature and would therefore a good fatigue cracking resistance than
the rest. A quick look at the various parameters for fatigue cracking resistance; DENT and
ITPG analysis; we realized that the recovered samples of A-5 and A-6 have shown good
consistency in performance throughout. However, the intermediate SUPERPAVE®
grades do not give better correlation with long service field performance nor good
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prediction of fatigue cracking as compared to results obtained from the DENT test
analysis.

4.3.3 Black Space Analysis
Black space diagrams are effective tools for describing the rheological properties of
asphalt binders. By monitoring the changes in phase angle and modulus with respective to
a specific temperature, phase changes like wax crystallization responsible for reversible
aging may be observed in the binder. A smooth progression of the curve obtained from
the plot is an indication of a single-phase (homogeneous) binder and further validates the
time-temperature superposition (TTS) principle at various stages of the binder’s
rheological life. Multiple-phase (heterogeneous) binder show discontinuities in their black
space curves to indicate a rheologically complex behavior. Earlier suggestions by Airey
[92] predicted that, the geometry of the plates used may produce variations in the complex
and phase angles obtained for a particular binder, which were observed by Andriescu and
Hesp at lower temperatures (0 oC) for 8mm and torsion bar geometry. They however stated
that “the switch in plate size at higher temperatures (50 oC) do not influence the
conclusions about linear and non-linear behavior” [68].
However, at very low temperature conditions a plot of S(t) and m-value could best describe
the binder’s rheology and age-related damage mechanism due to the very low phase angle
and increase in crack growth at such temperatures [93].
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Figure 4.11 High (left) and Low (right) Temperature Black Space Diagram for A-7.
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Figure 4.12 High (left) and Low (right) Temperature Black Space Diagram for A-4.
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Figure 4.13 High (left) and Low (right) Temperature Black Space Diagram for A-6.
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Figure 4.14 High (left) and Low (right) Temperature Black Space Diagram for A-5.

The above graphs represent the Black space diagrams for two good performing asphalt
binders (A-6 and A-5) and two poor performing asphalt binders (A-7 and A-4). From the
high temperature curves of A-6 and A-5 showed a discontinuity in their behavior
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approximately around a phase angle of 55o to 65o which could indicate the occurrence of
phase separation within the asphalt binder. This may be explained as the movement of the
binder from being a gel type state (elastic) to a sol type state (viscous) as temperature
increases. A-7 and A-4 maintained a steady curve at high temperatures with no
discontinuities characteristic of a homogenous systems. The low temperature diagrams for
all four samples showed little to no difference in the nature of the curves. This goes to
further buttress the fact that plots of phase angle against modulus is not efficient in
describing rheological behaviors occurring at lower temperatures. A careful look at both
the high and low temperature diagrams for each sample seem to reveal a point at which an
obvious discontinuity would be observed in each sample as the temperature decreases.
However, this is mere speculation and may require further investigations to see whether it
relates to the gel point temperature of the various binder.

4.3.4 Gel Point Temperature
As temperature decreases asphalt binders move from being viscous to being more elastic
in nature as a result of increase in modulus and a subsequent decrease in the phase angle.
At a limiting phase angle, the elastic storage modulus over takes the viscous loss modulus
and “the tan δ is independent of testing frequency”. The temperature at which this occurs
is defined as the gel point temperature [91]. This is a good reference point as it marks the
transition from a fluid like nature to a solid nature. Figure 4.2 shows a comparison the gel
point temperature of the various recovered samples at a limiting phase angle of 45o with
their corresponding intermediate temperatures.
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Figure 4.15 Comparison of Intermediate Temperature Performance Grades and Gel Point
Temperatures for Recovered Samples.

We see from the Figure 4. 5 that the poor preforming A-4 and A-7 binders recorded higher
gel point temperatures than the rest of the samples. When gel point of the asphalt binder
is achieved at high temperatures, it implies that the binder has a high modulus and
therefore would demonstrate a good rutting resistance ability as supported by Figure 4.9.
On the other hand, high modulus indicates that the binder would become hard and brittle
(with a decrease in creep rates) at low temperatures and would therefore be susceptible to
fatigue and low thermal cracking due to its inability to relax stresses at such low
temperatures. Samples A-5 and A-6 which have shown good performance throughout the
various test have very low gel point temperatures.
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From the figure we realized that, for the good performing samples have similar ITPG and
T (δ = 45o) values while worst performing samples have large difference between these
values as shown above. A look at the range of the results reveals that, the gel point
temperature with a span of 31 oC (11 oC to 42 oC) provides a much sensitive measurement
for thermal cracking than the G*sin δ parameter of the intermediate temperature
measurement with a span of 15 oC (9 oC to 24 oC) and that of the BBR grading, 15.4 oC
(-35.4 oC to 20 oC).
The EBBR grade loss of the various samples were compared with the gel point temperature
as shown in Figure 4.8. The results reveal a good correlation between the grade loss and
the gel point of the samples; an indication of the susceptibility of gel type binders to
physical aging. Also the EBBR test is less accurate at higher grade losses due to instability
in the binders. Anguis et al. [94] have recently shown better correlation between the EBBR
grade loss and the gel point temperature at a limiting phase angle of 30o after 15 minutes
of conditioning.
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Figure 4.16 Comparison of EBBR Grade Loss and Gel Point Temperature at 45o Phase
Angle for Recovered Samples.

4.3.5 Glover-Rowe Analysis
This analysis is designed to investigate the damage incurred by long term/ oxidative aging
based on the rheological properties of the asphalt binder. As pavements age, the ductility
of the asphalt binders decreases due to environmental (non-load related) factors that impart
thermal stresses beyond the failure strain of the binders. In 2014 Anderson et al. [95]
indicated a correlation between non-load associated cracking and the ductility-based
Glover parameter ((G’/η’/G’)); where G’ is the storage modulus and η’ is the dynamic
viscosity. Based on this, Rowe simplified the Glover parameter into an equation of only
G* and δ using Black space analysis at a constant temperature of 15 oC and frequency of
0.005 rad/s [93], similar to Figure 4.11.
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𝐺′
𝐺 ∗ 𝑐𝑜𝑠 2 𝛿
=
(𝜂′⁄𝐺′)
𝑠𝑖𝑛𝛿

(16)

A G-R parameter value of 180 kPa to predict the onset of damage in the asphalt binder
whereas G-R parameter value of 450 kPa implies that significant cracking has occurred.
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Figure 4.17 Glover-Rowe Analysis of Recovered Samples.

From the diagram we can see that 8 out of 10 of the samples demonstrate no block cracking
with none of the samples within the damage zone. However, we could realize that samples
A-8, A-9 and A-10 are close to damage onset line and would be expected to start cracking
in a couple of years if environmental conditions become severe. Sample A-1 falls far
below the onset of damage line and therefore it is expected to show good resistance to
fatigue cracking.
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On the other hand, A-4 and A-7 are above the damage zone and are therefore expected to
have undergone significant fatigue cracking as has been the case in early life. Pavements
constructed with these binders would experience observable amount of cracks on their
surfaces due accelerated oxidative ageing occurring within them samples beyond their
failure strain (Figure 4.12). Overuse of recycled asphalt binders, presence of considerable
amount of Zn and Mo metal in WEOB in the mixture would promote such considerable
amount of cracks.

Comparison of CTOD and Glover-Rowe Parameter
Both CTOD and the G-R parameter have shown to be good indicators for distinguishing
asphalts with good fatigue cracking ability and those which are not so good. While the
DENT test may require longer conditioning period and larger amount of sample, the glover
analysis tend to be fast with lest human involvement in the process.
A careful consideration of the CTOD and G-R data shows an inverse correlation between
the two methods with an R-squared value as high as 0.96. Generally, asphalt binders with
high CTOD would have low G-R parameter and would show better performance than
those with low CTOD and a high G-R parameter. The DENT test showed that A-8 and A9 failed to meet the fatigue cracking criterion whereas the G-P test reveals that they are
yet to undergo damage. This can be attributed to the fact that while the G-R parameter
analyses damage at low strain levels, while the CTOD expresses damage at high strain
regimes which give a more practical account of fatigue cracking on the field of service.
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Samples.
77

CTOD vrs G-R Parameter
3.5
3

y = -2.0085x + 4.2549
R² = 0.9631

log CTOD

2.5
2
1.5
1
0.5
0
0.6

0.8

1

1.2
1.4
log G-R Parameter

1.6

1.8

Figure 4.19 Comparison between CTOD and Glover-Rowe Parameter for Recovered
Samples.

4.4 FOURIER TRANSFORM INFRARED ANALYSIS
The presence of carbonyls (major) and sulfoxides (minor) functional groups is an
indication of the extent of oxidative aging in asphalt binders. These compounds with high
polarity associate with other polar components of the binder to form insoluble asphaltenes,
which promotes hardening at lower temperatures [96]. Although sulfur in asphalt may
exist in various forms, only aliphatic sulfur in the form of disulfide sulfur (CH2–S–S–
CH2) has been found to react significantly to give oxidative products [20]. Figure 4.1
shows that the percentage indices of carbonyls and sulfoxide functional groups in the fieldaged asphalt samples.
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Figure 4.20 Percentage of Carbonyl and Sulfoxide Functional Groups in Recovered
Samples.

It can be seen from the diagram that poor performing binders like A-4, A-7, A-9 and A10 recorded high levels of carbonyl and sulfoxide than the rest of the samples. Sample A6 had the least percentage in both carbonyl and sulfoxide levels. The higher sulfoxide
indices than carbonyl indices may be attributed to faster rate of oxidation as well as the
inhibition of carbonyl formation during the oxidation of sulfur [20]. However, sample A3 which has proven to be a good performing sample could be seen to have high carbonyl
and sulfoxide content and would therefore be expected to harden faster among the good
performing samples.
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Styrene-butadiene-styrene is a modifier that enhances the performance of the asphalt
binder. The samples were also tested for the presence of styrene and butadiene functional
groups as shown in Figure 4.21. A fair amount of styrene and butadiene for most of the
good performing samples. This is however not the case for the poor performing ones which
tend to miss one of either functional group or show nil (A-4 and A-8) for both. The
degradation of the polymer modifier is suggestive of contamination of such binders with
recycled asphalt, or WEOB during production.
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Figure 4.21 Percentage of Styrene and Butadiene Functional Group in Recovered Samples.

4.5 X-RAY FLUORESCENCE ANALYSIS
The use of WEOB as an asphalt modifier has been reported by Hesp and Shurvell [90] as
a major cause of premature cracking of asphalt pavements due to the presence of high
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amount of zinc antioxidant and anti-wear additives in the form of dialkydithiophosphate
(ZDDTP) and dibutyldithiocarbamate (ZDBC) complexes. In another research by Rubab
et al [97], addition of WEOB was found to catalyst the rate of carbonyl formation; a
product that leads to age hardening of asphalt binders at low temperatures. The paraffinic
nature of WEOB also facilitates precipitation of asphaltenes during oxidation in service.
Table 4.2 Relative Zinc Counts Obtained from the XRF Analysis of Recovered Samples.
Sample Name

Relative Zinc Count (count/seconds)

A-1

21.09

A-2

20.34

A-3

25.71

A-4

72.12

A-5

21.09

A-6

19.00

A-7

72.12

A-8

13.47

A-9

25.27

A-10

-

We can see from the above table that the A-4 and A-7 once again record the highest in
zinc content followed by A-9, which goes to validate their poor performance in all the
other tests conducted. This suggest that considerable amounts of WOEB is present in these
contract samples and would therefore experience faster aging and premature cracks on
their surface pavements. A-3 and A-9 also showed considerable amount of zinc content
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and are expected to experience increasing rate of aging. This seems to correlate with the
amount of carbonyl found in these samples. The good performing binders (A-1, 2, 5 and
6) were found to record zinc content within the range of 19 to 21 counts per second.
Interestingly A-8 which proved not to perform better from the earlier tests tend to have the
lowest zinc content contrary to the high sulfoxide content. This raises speculations as to
whether the zinc leached into lower parts of the pavement, hence limiting its detection in
surface samples or other procedural limitations. Sample A-10 was not available for testing.
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Chapter 5
SUMMARY AND CONCLUSION
With the literature review and the results presented, the following summary and
conclusions are provided:
1. Samples A-4 and A-7 have consistently proven to be of poor quality and therefore their
pavements would experience severe cracks during low temperature conditions and under
heavy traffic loads. The recovered field-aged samples must however be monitored and
tested when they reach 8 to 10 years in service to better compare their performance with
their corresponding tank samples.

2. The EBBR grade loss parameter effectively separates good performing binders from poor
ones based on its account for physical hardening that occurs over longer periods in service.
However due to the laborious nature of the test with large amount of sample used, its
implementation within the asphalt industry has been slowed. Further studies however must
be done using the gel point temperature, to monitor the formation of gel-type structures at
lower phase angle of 30o and moderate to low temperature test frequencies.

3. Although the high strain regime CTOD from the DENT test gives a practical view on
fatigue cracking during pavement field service, the low strain Glover-Rowe parameter
obtained from the DSR looks simpler, requires less sample and involves little human
participation. The good correlation obtained between the two parameters provide a
foundation for further studies to replace the former with the latter or better still
complement each other in ascertaining premature cracking.
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4. Chemical compositional analysis using XRF and FTIR analysis of the various samples
verified the results obtained from the rheological and mechanical tests, DSR, EEBR and
DENT. WEOB and recycled asphalt, when incorporated into mix designs, pose
detrimental effects on the durability of pavements. The governing bodies in the
transportation agencies must put measures in place to control the use of these additives in
order to save future roads from excessive and premature cracking.
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