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Abstract

With the ever increasing demands of traffic and temperature imposed on highways,
it has become mandatory to find alternative means, either in terms of design or use of better
materials, to tackle these issues. Modification of bitumen is one of the simplest and most
effective techniques which has been used over years to increase the strength and life of
pavements. Out of various forms of modification, polymer modification has gained the most
importance due to its capability to improve the viscoelastic response of the bitumen. It
increases the stiffness of asphalt binder at higher temperature while maintains the flexibility
at lower temperatures, thereby improving both the rutting and fatigue resistance of bitumen.

The study of viscoelastic response of bitumen is usually done using dynamic shear
rheometer (DSR). DSR can capture various rheological aspects of bitumen at a wide range
of frequency and temperature. The traditional Superpave parameters for characterization of
rutting and fatigue resistance of bitumen (G*/sind and G*.sind) has been criticized in many
literatures and has been found inadequate, specially for modified binders. Improvement in
the test methods came out in form of multiple stress creep and recovery (MSCR) and linear
amplitude sweep (LAS) test for quantifying the rutting and fatigue characteristics of bitumen.

The study of binder alone is not sufficient for judging the performance of the
pavement. Aggregate gradation also plays a vital role in describing the overall performance
of the asphalt mixture. Asphalt mixture are usually dense graded, gap graded or open graded.
The volumetrics of these different aggregate gradation along with the properties and amount
of asphalt binder is responsible for total characterization of the asphalt mixture. In India,
Marshall mix design is used for evaluation of optimum binder content. In order to evaluate
the permanent deformation and fatigue characteristics of asphalt mixtures, tests like wheel
rut test and four point beam bending test are the most common. Correlation between the
binder and mix attributes is another important aspect for judging field performance of the

asphalt mix.

This research outlines the study conducted on conventional and polymer modified

asphalt binders and mixes. The conventional and rheological properties of the asphalt binders



are studied in detail at a temperature range of 10-70 °C. The performance of these binders
with respect to fatigue and rutting is evaluated and the suitability of binder for different
practical conditions is explored. The study also evaluates the performance of different
aggregate gradations with use of tests like Marshall stability and flow, indirect tension test,
wheel rut test and four point beam bending test. The correlation of binder properties with

mix results are also taken up as a part of this research.

The study begins with finding the optimum blending requirements and optimum
modifier content of two polymers i.e ethylene vinyl acetate (EVA) and styrene butadiene
styrene (SBS). SBS was incorporated in VG 10 at five different modifier content of 1-5%
while EVA was blended at 1-7%. The blending temperature, shear rate and time was varied
from 160-200 °C, 300-1500 st and 20-60 minutes respectively. Conventional binder like VG
10 and VG 30 were also used for comparison. Storage stability and fluorescence microscopy
were used to find the optimum blending requirements and modifier content. From the
analysis it was found that SBS could be incorporated in the base binder at a temperature of
180 °C using a high shear mixture operated at 1500 rpm for 60 minutes. The corresponding
temperature, shear rate and time for EVA were 190 °C, 600 rpm and 30 minutes. Storage
stability test showed that optimum modifier content for EVA is 5% while for SBS is 3%.
This result was also validated by the study of morphology using Fluorescence microscopy.
An interlocked bitumen-polymer phase is the most desirable for obtaining a homogenous
blend.

The flow properties of the binders were evaluated using steady shear method. The
viscosity versus shear rate for the binders were measured using DSR at a temperature range
of 40-80 °C. Carreau-Yasuda (C-Y) equation was combined with the concept of rheogram to
simulate the variation of viscosity versus shear rate. A new model was proposed which could
be used to evaluate the mixing temperature of asphalt binder corresponding to the viscosity
at any desired shear rate. The model was found to be critical to the value of zero shear
viscosity (ZSV). At higher shear rates the viscosity of the modified binders were found to be
even lower than the conventional binders owing to the shear thinning behavior, which
indicated that lower mixing temperatures could be used for modified binders at practical

shear rates.



The rheological measurements for all the binders were done using frequency sweep
test at a temperature range of 10-70 °C. The linear viscoelastic (LVE) limits were evaluated
as the initial part of the study. The effect of spindle geometry and plate gap was also
evaluated. 25 mm and 8 mm diameter spindle were used. For 25 mm, three spindle gaps viz.
1 mm, 2 mm and 3 mm were used, while for 8 mm diameter 1 mm and 2 mm gap was
employed. Master curves were constructed at three different reference temperatures of 20,
40 and 60 °C. Various shift factor methods were analyzed and a new method was proposed
for the construction of master curves. The method was named as ‘Equivalent Slope Method’.
The complex modulus and phase angle master curves were modelled using the concept of
rheogram and C-Y equation. At higher temperatures spindle diameter 8 mm gave higher
values for complex modulus and phase angle of the asphalt binders as compared to 25 mm
diameter spindle. At higher temperatures higher plate gap gave lower values of complex
modulus as compared to lower gap width. The difference in the measurements decreased
with decrease in temperature with similar values at intermediate temperatures. It was found
that spindle geometry plays a crucial role in determination of rheological properties of both
conventional and modified binders. The shift factor obtained by the equivalent slope method
which was developed in the study gave the better results in plotting master curves as
compared to WLF and Arrhenius equation. It was found that Cox-Merz rule can be
successfully applied in the zero shear viscosity domain. The simple C-Y model was found to
be successfully applicable in modelling the rheological properties of both conventional and
modified bitumen. Phase angle was found to be sensitive to the type and chemical nature of

bitumen.

The performance of the binder with respect to rutting and fatigue were evaluated
using MSCR and LAS test. Multiple Stress Creep and Recovery (MSCR) test was conducted
at three different temperatures (40, 50 and 60 °C) using Dynamic Shear Rheometer (DSR)
operated in constant stress mode. Four different stress levels were chosen, viz. 100, 3200,
5000 and 10,000 Pa. The test was done using 25 mm sample geometry with 1 mm gap
between the spindle and the base plate on RTFO aged samples. The strain response was
modelled using Burgers four element model and power law model. Applicability of
Boltzmann superposition principle was also checked in the study. Burger model was not able
to model the delayed elastic response of asphalt binders. The power law model was modified
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for the recovery domain to incorporate the effect of delayed elastic response. The model
parameters were analyzed and were correlated with the conventional properties like softening
point and ZSV of the binders. LAS test was conducted at 10, 20 and 30 °C to determine the
fatigue lives of the asphalt binders. The parameters A and B were evaluated at different
temperatures. LAS test was found to be more practical than the existing intermediate
performance criteria of G*.sino. By LAS test it was possible to evaluate the complex
behavior of the binder at a wide range of loading level. PMB (S) gave the best overall
performance in both the test methods. PMB (E), though performs well at higher temperature,
but at intermediate pavement temperature it may be susceptible to fatigue cracking attributed
to higher sensitivity to strain amplitudes. Among the conventional binders both VG 10 and
VG 30 were found to be suitable for resisting fatigue cracking at intermediate pavement
temperatures. Nevertheless, at higher temperatures both VG 10 and VG 30 showed poor

performance.

Marshall mix design was used for the preparation of asphalt mixtures with three
different aggregate gradation viz. bituminous concrete (BC), dense bituminous macadam
(DBM) and stone mastic asphalt (SMA). All the mixes were prepared at 4% target air void
content. The moisture susceptibility of the mixtures were also evaluated using retained
Marshall stability test and tensile strength ratio. The film thickness for these mixtures were
also calculated. Modified mixtures were found to have higher strength than the mixes
prepared with conventional binders. The Marshall stability and indirect tension strength of
SMA was found to be lower than BC and DBM, however their retained Marshall stability
and tensile strength ratio were higher indicating higher resistance to moisture damage.
Moreover, the film thickness for SMA was found to be higher in comparison to BC and
DBM, attributed to higher void in mineral aggregates (VMA). This indicated better durability

for these mixtures.

The last part of the study dealt with the evaluation of rutting and fatigue performance
of the asphalt mixtures. Rutting characteristics was evaluated using wheel rut testing at 60
°C. Fatigue performance of the mixes was evaluated using four point beam bending test
(4PBBT). This test was performed at 20 °C at a strain level ranging from 200-1000 micro-
strains. A new phenomenological model was proposed to characterize the variation of fatigue

Vi



life at different strain levels. Correlation of rutting and fatigue test with binder performance
was also attempted. It was found that SMA had the highest rutting and fatigue life in
comparison to BC and DBM. Plastomeric modified mixes were found to be highly
susceptible to change in strain levels. In rut depth was found to correlate fairly well with the
unrecoverable creep compliance from the MSCR test. The fatigue life of asphalt binders from
LAS test showed linear correlation with the fatigue life from 4PBBT. The new
phenomenological model proposed in the study correlated appreciably with the measured
response.
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Chapter 1

Introduction

1.1 General

India has the second largest road network in the world, 2,914,133 mi (4,689,842
kilometers) as of 2013. Quantitatively India’s road network density is equivalent to that of
U.S.A (0.65), which is far higher with respect to other countries like Brazil (0.20) and China
(0.16). However, qualitatively, India has a mix of unpaved narrow roads and modern
highways which are being improved. As of 2011, India had about 54 %( 2.53 million

kilometers) of paved roads.

As of April 2015, over 24000 kilometers of 4 or 6 lane highways have been completed
by India, which connects majority of its commercial, manufacturing and cultural centers.
This increase in rate of highway construction accelerated after 1999. However, regulatory
blocks and policy delays has slowed down this rate in recent years. National highway
development program, which is a government initiative, controls the implementation of all
the major projects in the country. Initiatives are also being taken by highway operators and
private builders. For context, in U.S.A, the density of road network is about 21 kilometers
per 1000 people while in France the figure is nearly 15 kilometers per 1000 people;
predominantly high quality and paved in both the cases. In terms of all weather, 4 or more
lane highways, these density figures of U.S.A and France is over 15 times as that of India.

According to a survey by Goldman Sachs, India will have to invest US$1.7 trillion
on projects related to infrastructure before 2020, in order to meet the economic demands, a
part of which would go in the development of the countries road network. Promoting foreign
investments in road projects is another step taken by the Indian government, which has
attracted 40 design/engineering consultants and 45 international contractors with U.S.A,

United Kingdom, Malaysia and South Korea being the largest players.

India’s economy is highly dependent on road transport. It aids the transportation
sector of the country in contributing about 4.7% towards the gross domestic product (GDP),

which is much higher than the other sectors like railways which contribute only about 1%.


https://en.wikipedia.org/wiki/India
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Over the years, much importance has been given to road sector in comparison to railway and
air, despite of significant inefficiencies and barriers in interstate passenger and freight
movement. Various government authorities (given by India's federal form of government)

administers India’s road network.
1.2 Background

Based on the structural performance, the pavements can be divided into two types:
flexible pavements and rigid pavements. Flexible pavement functions by transferring wheel
loads by grain to grain contact of the aggregates in the granular structure. Having less flexural
strength, flexible pavements acts like a flexible sheet. In rigid pavements however, it is the
flexural strength which transfers the wheel load to the subgrade soil through slab action and
the pavement structure behaves like a rigid plate [76]. Composite pavements are also another
available option. Example of an ideal pavement is a thin layer of flexible pavement over rigid
pavement. This type of pavement possess the most desirable characteristics but are rarely

used due to high cost of construction and complexity in its analysis.

In flexible pavements there is a wide distribution of the wheel loads acting on the
pavement, where the stress reduces with depth. This stress distribution characteristic of
flexible pavement makes it advantageous to be used in multiple layers. Hence, layered
system concept is used for designing a flexible pavement. Among the different layers, the
top layer is usually of the best quality which sustains the maximum compressive stress along
with the wear and tear. Low quality materials can be used in lower layers, as it experiences
lesser magnitude of strain. Bituminous materials are used for construction of flexible
pavements. These can be either in the form of surface treatments (such as bituminous surface
treatments generally found on low volume roads) or, asphalt concrete surface courses
(generally used on high volume roads such as national highways). The layers in the flexible
pavements reflect the deformation occurring in the lower layers to the surface (e.g. if there
is any deformation in sub-grade then it will be transferred to the top layer). In case of flexible
pavement the design is based on the design traffic which is denoted in terms of million
standard axle (msa) loading and the stress should be kept below the allowable stress. Below

is presented a typical schematic representation of a flexible pavement.
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Tack Coat Seal Coat —* Prime coat
[ Surface Course (25-50 mm) 1
Binder Course (50-100 mm) Y

Base Course (100-300 mm)

Subbase Course (100-300 mm)

Compacted Subgrade (150-300 mm)

Natural Subgrade

Figure 1.1 Typical example of a flexible pavement

In general, hot mix asphalt (HMA) can be defined as a mixtures of aggregate (mixed
in a definite gradation) and asphalt cement (binder) produced at high
temperatures (generally between 130-170 °C) in an asphalt plant. With the advent of time
cold mix asphalt technology is also becoming popular [47]. Typically, HMA mixtures can
be categorized into three different types: dense-graded; open-graded; and gap-
graded which is as a function of gradation of the aggregates used in the mix. Mix design
is done to incorporate a number of performance concerns in the finished mat of HMA.

These include:

e Resistance to Permanent Deformation. The mix should be resistant to distortion and
displacement. This resistance should be provided specially during summers having high
temperatures. During this period the binder softens and the incoming loads are mainly

carried by the aggregate structure.

Resistance to permanent deformation is dependent on the properties of (crushed
faces), the mix, and the grade and content of asphalt binder used [52, 90, 134].

o Resistance to Fatigue and Reflective Cracking. Resistance to fatigue and reflective
cracking is inversely related to the stiffness of the mix. Though a stiffer mix is desirable
for resistance to rutting, design for rut resistance alone may affect the all over
performance of the pavement if reflective cracking or fatiguing occurs[15, 112, 115].
Stiff mixtures are desirable for use in thick HMA pavements and when used as a thin

overlay on a continuously reinforced concrete pavement (CRCP).

3
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Thin HMA mats placed on an unbound base or on surfaces prone to reflective
cracking (e.g., jointed rigid pavements, bound bases subject to shrinkage cracking,
etc.) should use a mix that strikes a better balance between rut and crack resistance.
Fatigue and reflective crack resistance is primarily controlled by the proper selection
of the asphalt binder. Application of a specially designed crack-resistant interlayer is

another option for mitigating cracking.

« Resistance to Low Temperature (Thermal) Cracking. Cooler regions are particularly
prone to thermal cracking concerns. Mitigation of thermal cracking can be achieved by
the selection of an asphalt binder which is less susceptible to low temperature
cracking[90, 129].

« Durability. Durability is a function of amount of asphalt cement such that an adequate
film thickness is available around the aggregate particles. This helping minimizing the
ageing and hardening of the asphalt binder during production and in service. Sufficient
asphalt binder content will also help ensure adequate compaction in the field, keeping

air voids within a range that minimizes permeability and ageing [14].

» Resistance to Moisture Damage (Stripping). Loss of adhesion between the asphalt
binder and the aggregate depends primarily on the characteristics of the aggregates [123,
133, 186]. A mix designer should assume that at some point of time moisture will
eventually find its way into the pavement structure; and hence should design the mix,

at any level of pavement structure, to resist stripping by using anti-stripping agents.

e Workability. Workability relates to the easiness of field compaction. Many a times it
may be required to incorporate a slight change in the mix design so that the mix is

properly placed without sacrificing the performance.

e Skid Resistance. This is a concern for surface mixtures that must have sufficient
resistance to skidding, particularly under wet weather conditions. Aggregate properties
such as texture, shape, size, and resistance to polish are all factors related to skid

resistance [61].

Selection of a HMA mix or combination of mixes to use in a project should be a

conscious decision made by the responsible engineer based on mix attributes (suitability as
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part of the overall pavement design, existing pavement conditions, lift thickness, traffic
loading characteristics), environment, past performance, local contractor experience, and

gconomics.

Bitumen is a crucial component of asphalt - the most widely used material for
constructing and maintaining roads in the world [83]. Asphalt mix is typically a mixture of
approximately 95% aggregate particles and sand, and 5% bitumen, which acts as the binder,
or glue. The viscous nature of the bitumen allows the asphalt mix to sustain significant
flexibility, creating a very durable surface material. Bitumen is a civil engineering
construction material manufactured from crude oil through a series of distillation processes
undertaken during the refining of petroleum. One of the characteristics and advantages of
bitumen as an engineering construction and maintenance material is its great versatility. The
principle use of bitumen is as a binder in the road construction industry where it is mixed
with graded aggregate to produce asphalt mixture. This mixture is then laid as the structural
pavement layers of a road. As the mechanical properties of asphalt mixture are strongly
dependent upon the properties of the binder, it has to fulfil certain mechanical and rheological
requirements to ensure the integrity of the road. First, the bitumen must be fluid enough at
high temperature (approximatelyl60 °C) to be pumpable and workable to allow for a
homogeneous coating of the aggregates upon mixing. Second, it has to become stiff enough
at the highest pavement temperature to resist rutting deformation (approximately around 60
°C, depending on the local climate). Finally, it must remain soft enough at lower
temperatures (down to -20 °C, depending on the local climate) to resist cracking. Therefore,
it is difficult to obtain bitumen that would work under all possible climates. To surmount this
problem, different types of bitumens including modified binders are available. The softer
and harder binders are normally used for colder and hotter climate regions respectively.

The rheological properties of bituminous binders including bitumens are typically
determined by means of dynamic mechanical analysis (DMA) using an oscillatory type,
dynamic shear rheometer (DSR) tests [12, 55, 192]. In general, the test is conducted within
the linear viscoelastic (LVE) region [11]. Research into the rheological properties of bitumen
has been growing since the early 1990’s, following the Strategic Highway Research Program
(SHRP). The DSR instrument, however, does have its limitations where the measured

rheological data are exposed to the measurement error particularly at low temperatures

5
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and/or high frequencies. Alternatively, other equipment’s such as a bending beam rheometer

(BBR) and a direct tension test (DT) can be used at this region.
1.3 Problem Statement

Bitumen has been long used as an important binding material in pavement. When
combined with a given aggregate gradation in appropriate quantity, it produces a mix
structure which acts as load carrying component in highways. Bitumen is the only component
of the pavement which displays thermo-mechanical behavior, making it a complex element
to study. As bitumen acts as binding material in the pavement structure, the properties and
performance of the pavement highly depend on the type, quality and amount of bitumen.
Hence selection of appropriate bitumen for pavement construction is very vital for the

structure to perform well.

For most of the purposes, conventional binders have tended to give adequate
performance. But with the advent of time, the demand of highway has increased. Increase in
traffic, introduction of new axle configuration and increase in temperature demands effective
strengthening of pavements [111, 141, 200]. With the worst combination of these extreme
conditions, early failure of pavement is becoming common with respect to permanent
deformation and fatigue cracking. There are two basic methods which can be employed to

counteract these issues:
-lmproving the pavement design technique, and
-Use of better materials

Modification of bitumen is the simplest and one of the most effective ways which falls under
the second category as mentioned above. Modification of different pavement layers also tend
to improve the overall strength of pavement [74, 81, 82, 96, 153, 168]. In fact, modification
of other type of pavements is also not new to research [93]. Construction also plays a crucial

role in characterizing the strength of pavements [175].

Various modifiers have been used since decades for improving the viscoelastic
response of bitumens, thereby increasing the strength of pavement structure [39, 154]. In

general, modified bitumen increases the stiffness at higher temperature while maintains
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adequate flexibility at low service temperatures [92, 124]. Modifiers can be categorized in a
number of different ways including filler, polymers and chemical additives. Out of various
modification technique, polymers have shown to give the best results [125, 149, 174, 176],
improving the rheological characteristics of bitumen and reducing its temperature

susceptibility.

A polymer (Greek poly-, "many” + -mer, "parts") is a large molecule,
or macromolecule, composed of many repeated subunits. Because of their broad range of
properties, both synthetic and natural polymers play an essential and ubiquitous role in
everyday life. Polymers range from familiar synthetic plastics such as polystyrene to
natural biopolymers such as DNA and proteins that are fundamental to biological structure
and function. Polymers, both natural and synthetic, are created via polymerization of many
small molecules, known as monomers. Their consequently large molecular mass relative
to small molecule compounds produces unique physical properties, including
toughness, viscoelasticity, and a tendency to form glasses and semi crystalline structures
rather than crystals.

Polymers are basically divided into two broad categories depending on their response
to external loads:plastomers and elastomers. An elastomer IS
a polymer with viscoelasticity (having both viscosity and elasticity) and very weak inter-
molecular forces, generally having low Young's modulus and high failure strain compared
with other materials. Each of the monomers which link to form the polymer is usually made
of carbon, hydrogen, oxygen or silicon. Elastomers are amorphous polymers existing above
their glass transition temperature, so that considerable segmental motion is possible. Styrene
butadiene styrene (SBS), styrene butadiene rubber (SBR) and crumb rubber are the most
common elastomers which have gained a lot of attention in the market of modified bitumen
[22]. A plastomer on the other hand is a polymer material which combines qualities
of elastomers and plastics, such as rubber-like properties with the processing ability of
plastic. Polyethylene and ethylene vinyl acetate (EVA) are the most common palstomers

which have been widely used to improve the strength of bitumen.

Modification of bitumen with polymers requires blending the polymer using high

shear mixer following which the polymers swell and disperse in the maltene fraction of the
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bitumen. The asphaltene and the polymer compete for the solvency power of the maltene
fraction which leads to phase separation in the modified bitumen. This incompatibility is a
resultant of difference in density and molecular weight of the polymer and the asphaltene.
The chemical structure also plays a vital role in production of a homogenous blend with

interlocked phases of polymer and bitumen.

Different agencies use different modification technique to produce bitumen
satisfying the required specifications laid down by the government for modified binders.
They do not mention the amount and type of modification technique employed for the
production of the modified binder. The production, however, is highly dependent on the type
of base binder and the amount and type of polymer. The three blending parameters
influencing the modification technique are the temperature, shear rate and blending time
employed for its production. Variation in these three parameters can greatly affect the quality
of binder produced. Hence selection of appropriate combination of the blending parameters
for different modifier is an important task to be achieved in laboratory for obtaining a storage
stable blend before studying their rheological and mechanical properties.

Though polymers have shown to improve the viscoelastic response of the base
binders to an appreciable degree, still the practitioners and contractors remain skeptical on
its use, mainly due to the associated cost and high temperature requirements of mixing and
compaction required for modified binders. Traditionally Brookfield viscometer is employed
for finding the mixing and compaction temperature of bitumen in India. The mixing and
compaction temperatures are determined by plotting the viscosity values in the log-log scale
whereas the temperature on the log scale and assuming a straight line relationship. India
follows the equiviscous concept, in which the mixing and compaction temperatures are
defined corresponding to the viscosities of 0.17 + 0.02 and 0.28 + 0.03 Pa.s. But modified
binders have been found to display shear thinning behavior even at high temperatures [18].
Shear thinning is a term used in rheology to describe non-Newtonian fluids which have
decreased viscosity when subjected to shear strain. The term is sometimes considered to be
a synonym for pseudo-plastic behavior, and is usually defined as excluding time-dependent
effects, such as thixotropy. Moreover, the shear rate employed in Brookfield viscometer (6.8

s'1) is very low when compared to the shear rate employed on mixing plants. This questions
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the reliability of the procedure in predicting the mixing and compaction temperatures
corresponding to practical conditions. Moreover the effect of shear rate has more influence
on mixing rather than compaction, which depends on the vertical load of the rollers and not
the shearing action.

So, studying the flow behavior of modified binders at a wide range of shear rate is
very crucial in determining the rheological aspects of the bitumen which will throw light on
the practical calculation and determination of viscosity corresponding to any shear rate and

hence facilitate the procurement of appropriate mixing temperature for bitumen.

Bitumen is a viscoelastic material, whose behavior depends on both temperature and
rate of loading (frequency) [31, 91, 128]. The study of viscoelastic behavior of bitumen can
be done using two methods: transient and oscillatory. Creep and relaxation are the most
common testing methods employed to assess the transient response and requires longer
testing times. Oscillatory testing using dynamic shear rheometer (DSR) is more common to
study the rheological aspects of bitumen at a wide range of temperature and frequency
domain within a short period of time. Testing in DSR is accomplished by subjecting a
bitumen sample to loading, where the bitumen sample is sandwiched between two plates,
one fixed and the other rotating. Different sample geometry has been recommended based
on the stiffness of the binder at a particular temperature and frequency. Rheological results
are obtained using 25 mm diameter spindle geometry with 1 mm plate gap or 8 mm diameter
spindle with 2 mm plate gap. The variation in results due to change in plate gap using these
spindle geometries is one important aspect which has to be understood for appropriate
evaluation of different rheological properties. It will also facilitate in gaining more

confidence and reliability on the measured strength values by the DSR.

Predictive models and equations are excellent tools for quantifying the
mechanical/rheological properties of any material. It is time saving, less laborious and
doesn’t require any skilled operators. Since 1950’s researchers have tried to predict the linear
viscoelastic characteristics of bitumen using nonlinear multivariable models, also known as
nomographs. These nomographs were later replaced by empirical equations and the use of
mechanical elements (spring and dashpot), for modelling the linear rheological properties.

These techniques were mainly used for predicting variation of complex modulus and phase
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angle master curves, at any desired reference temperature. Yusoff et al. [196] presented a
brief overview of all the models developed over the past years. Most of the algebraic models
consist of large number of model parameters which are empirical and does not have any
physical significance. A more simple model is hence desired which can be directly related to

the flow properties of the binder.

SUPERPAVE is the product of the asphalt research undertaken as part of the
Strategic Highway Research Program (SHRP) and it integrates performance based
specifications, test methods, equipment testing protocols, and a mixture design system.
SHRP was established by the United States Congress in 1987 as a five-year, $150 million
research program to improve the performance and durability of highways and to make them
safer for motorists and highway workers. They sponsored $50 million of research on asphalt
binders to relate the specifications to actual pavement performance. The outcome of the
SHRP project was termed as Superpvae, initiated from the Superior Performance Asphalt
Pavements. The new Performance Grade (PG) asphalt binder specifications measures
physical properties of the material throughout its temperature range. PG graded asphalt
binders are graded according to the climatic conditions they will endure in the roadway. A
PG 64-22 will perform from a high pavement temperature of 64 °C to a low pavement
temperature of -22 °C. This binder grading system requires testing of bitumen using DSR.
The binder properties and grading system of Superpave is dependent on the value of complex
modulus (G*) and phase angle (8) of the binder for unaged and aged samples. The resistance
to pavement deformation and fatigue cracking of the binder was related to the value of
G*/sind and G*.sind at a particular temperature and a frequency of 10 rad/sec. The current
Superpave specification for performance grading was developed mainly for unmodified
binders and has been proved to be misleading for predicting rutting and fatigue properties of
modified bitumen [71, 73, 84, 85, 199]. These tests were developed based on the speculation
that binder in pavements functions mostly in the LVE range and is not likely to affect their
properties. Such single value specifications cannot describe the actual complicated failure
phenomena, in which the binder is exposed to higher strain levels and varied frequency
levels. This led to the introduction of two new test methods for evaluating the binder
performance with respect to rutting and fatigue cracking. Multiple stress creep and recovery
(MSCR) test has been introduced to evaluate the permanent deformation characteristics of
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asphalt binders while linear amplitude sweep (LAS) is recommended for quantifying the
fatigue behavior of asphalt binders. As a new test methods, it is necessary to understand and
explore the behavior of binders at different test conditions to gain more confidence on its
use. Moreover, the correlation of the binder properties, evaluated using these test methods,

with the mix performance is necessary to be established.

Binder alone cannot determine the performance of the pavement. Aggregate
gradation plays an important role in judging the strength of the mix. The bituminous mix is
composed of about 92 % of aggregates and having proper aggregate gradation is very crucial
for determination of the mix characteristics in terms of its resistance to structural distresses.
In India specifications laid out by Ministry of Roads Transport and Highways (MoRT&H)
are followed for selection of mix gradation for bituminous pavements. Bituminous concrete
(BC) and dense bituminous macadam (DBM) are the most commonly used gradations for
surface and binder courses. Stone mastic asphalt (SMA) is a gap-graded mix which is also
being used at locations with extreme traffic and temperature conditions. SMA has voids in
mineral aggregates (VMA) of about 20%. For a fixed air void content of 4% high binder
content (around 7% by weight of the mix) is usually required. SMA has been found to be a
rut resistant mix due to the stone to stone contact generated by the gradation and also have
high fatigue resistance attributable to the high binder content. Cellulose fibers are generally
required to counteract the draindown issue in SMA mixes. As SMA is a gap graded mix, the
binders are susceptible to flow out of the mix at high handling temperatures (near about 163
°C). This phenomena is known as draindown which should be less than 0.3% as per
specification outlined in IRC SP-79 2008 [79]. This might be true for conventional binders
having low viscosity, but modified binders might be able to resist the draindown without the

use of any fibers attributable to higher viscosity.

Evaluation of mix performance and its correlation with binder properties is necessary
to completely define the strength characteristics of the mix. Various test methods have been
recommended for the evaluation of the rutting characteristics of asphalt mixes. Wheel rut
test, however, has been found to be more suitable in accurately justifying the field results.
Laboratory evaluation of fatigue performance of bituminous mixtures have been found to be

very difficult, as fatigue is micro level deformation phenomena and is more complicated than
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concept of permanent deformation. Out of the various recommended test techniques four

point beam bending test (4PBBT) has been suggested by many research to give results which

is a close representation of practical field data.

1.4 Goals and Objectives

The main objective of this study is to assess the effect of polymer modification on the

rheological characteristics of asphalt binders and mixes. To achieve this objective following

sub objectives have been defined.

1.

To find the optimum blending requirements for different polymer modifier to be used
and obtain the optimum modifier content for each of the modifiers.

To study the flow behavior of unmodified and modified binders at a wide range of
temperature and shear rates and propose a new technique for calculation of
appropriate mixing temperatures for these binders.

To study the rheological characteristics of all the binders using dynamic shear
rheometer (DSR). This objective includes assessing the effect of spindle geometry on
the rheological measurements for the binders, using master curves to define the
rheological behavior at a wide range of frequency at different temperatures and
attempting to provide a more simple modelling technique for the linear viscoelastic
behavior of the binders.

To study the rutting and fatigue characteristics of binders at different temperature and
stress conditions.

To study different mix gradations using these binders and evaluate the performance
of the bituminous mixes using rut testing and four point beam bending test. This
objective also includes obtaining correlation between binder and mix properties from

the results obtained in this study.

1.5 Scope of the Work

The study evaluates the strength characteristics of four different asphalt binders and three

different asphalt mixes. VG 10 and VG 30 are the viscosity graded binders. VG 10 is being

polymer modified using styrene butadiene styrene (SBS) and ethylene vinyl acetate (EVA)
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using the optimum modifier contents. The rheological and strength characteristics of the

binders and the mixes are accomplished in the following parts:

a)

b)

d)

Modification of bitumen using a high shear mixer and evaluation of optimum
blending requirements and optimum modifier content corresponding to each
modifier. The optimum modifier content so obtained is further used for testing and
analysis.

Determination of physical and rheological properties of unmodified and modified
bitumen using conventional and fundamental testing.

Evaluation of flow behavior of bitumen using steady shear tests in DSR. The
viscosity versus shear rate is analyzed and a rheogram is plotted using the concept of
rheogram. Carreau-Yasuda equation is used for modelling the variation of viscosity
with shear rate. This model is used as the basis of calculating the mixing temperatures
for different bitumen.

The rheological properties of the asphalt binders are evaluated with the aid of
dynamic shear rheometer (DSR) for a temperature range of 10-70 °C and frequency
varying from 0.1-100 rad/sec. Master curves are constructed at three different
reference temperature to assess the rheological properties at a wide range of
frequency. The shift factors are analyzed and a new technique has been proposed for
construction of the master curves. Effect of spindle geometry on the value of complex
modulus (G*) and phase angle () are also explored. A simple model has been
proposed to model the complex modulus and phase angle master curves.

The strength properties of the binders are evaluated at a temperature range of 10-60
°C. The fatigue behavior of binders has been explored using linear amplitude sweep
(LAS) test at three different temperatures of 10, 20 and 30 °C. Similarly, multiple
stress creep and recovery (MSCR) test is done to evaluate the performance of the
binders in rutting at 40, 50 and 60 °C. These temperatures corresponds to the high
pavement temperatures at which rutting could be the predominant structure failure
criteria. In MSCR test, four different stress levels are chosen, viz. 100, 3200, 5000
and 10,000 Pa. All the tests are performed using dynamic shear rheometer (DSR).
For LAS, 8 mm plate diameter with 2 mm gap is used. All the binders are subjected
to long term aging using pressure aging vessel (PAV) prior to testing. For MSCR
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test, rolling thin film oven (RTFO) aged binders are used. 25 mm plate diameter using
1 mm gap setting is adopted.

The measured response in MSCR test is analyzed using two different
modelling techniques. Changes in the suggested model is made to account for the
non-linearity associated with the binders. The significance of model parameters,
influencing the permanent deformation characteristics are evaluated. Critical values
to these parameters are assigned and proposed as a performance measure, after
comparison with the already existing PG plus specification. This may provide
additional benefit in judging the relative performance of asphalt binders at high
temperature. Correlation with conventional binder properties using the model
parameters is evaluated. In LAS test the variation of model parameters with change
in temperature is also assessed.

f) The performance of unmodified and modified asphalt mixes are quantified using
wheel rut testing and four point beam bending test. Rut testing is conducted at 60 °C,
while 4PBBT is conducted at 20 °C for strain amplitudes varying from 200-1000
micro strain. Tests like retained Marshall Stability and Indirect Tensile Strength (ITS)
are also carried out to judge the mix performance. The suitability of different test
methods for quantifying rutting is also presented and discussed. A new
phenomenological model has been proposed to quantify the fatigue life of asphalt
mixes. At the end correlation between fatigue and rutting of binders and mixes has

been established.

All the tests were conducted in the Civil Engineering Department, IIT Roorkee. Fluorescence
microscopy was conducted in the Biotechnology Department, 1T Roorkee. A few tests e.g.
resilient modulus test on bituminous mixes, dynamic modulus of mixes and bending beam
rheometer could not be conducted due to unavailability of the instrument at 11T Roorkee or

any other nearby research laboratory.
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1.6 Organization of the Thesis
The present research work has been documented in nine different chapters as follows:

Chapter 1: This is an introductory chapter which lays down the background of the study. The
problem statement is defined along with the goals and objective of the research.
The scope of the work is clearly defined and the layout of the thesis is stated.

Chapter 2: This chapter presents the literature review required for conducting the study. The
literature behind the evaluation and testing of unmodified and modified bitumen is
discussed. The need for modification and the studies conducted related to the effect
of modification on the rheological properties of the binders is presented. The mix
design of bituminous mixes along with the literature on their strength evaluation is

laid out.

Chapter 3: This chapter discusses the method adopted for obtaining the optimum blending
requirements and modifier content for the modified binders used in the study. The

results obtained from fluorescence microscopy is also presented.

Chapter 4: The flow behavior of the unmodified and modified binders using steady shear test
in  DSR has been discussed in this chapter. It presents a new technique for the
practical evaluation of mixing temperatures for different bitumen. A modelling

technique to simulate the variation of viscosity with shear rate is also discussed.

Chapter 5: This chapter explains the various rheological aspects of the asphalt binders. The
chapter comprises of evaluation of the linear viscoelastic region of the binders at
different temperatures and frequencies. Effect of spindle geometry on the rheological
results is discussed next. Further, results of master curves at three different reference
temperatures are outlined. Lastly, the chapter presents a simple modelling technique
for the complex modulus and phase angle master curves with a brief discussion on

shift factors.

Chapter 6: In this chapter the strength characteristics of modified and unmodified binders
have been determined using MSCR and LAS test methods at a temperature range of

10- 60 °C. This chapter outlines the various test parameters adopted and the
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experimental results so obtained. The analysis of the test results along with the effect
of temperature and stress/strain levels on the test parameters have been discussed and

presented.

Chapter 7: The evaluation of asphalt concrete mixes has been detailed in this chapter. The
properties of aggregates have been stated and the Marshall mix design procedure and
the results obtained for the optimum binder content different mixes (BC, DBM and
SMA\) using various binders (VG 10, VG 30, PMB (S) and PMB (E)) have been
presented. The strength tests conducted on Marshall specimens also forms the part of

this chapter.

Chapter 8: This chapter presents the results of wheel rut testing and four point beam bending
test (4PBBT). The suitability of different test methods for quantifying the rutting
behavior of asphalt binders is also discussed. In addition, a new phenomenological
method for evaluating the fatigue response of binders at different strain levels is also
outlined. Finally the chapter establishes a correlation between the behavior of binders

and mixes from the results obtained.

Chapter 9: Significant conclusions drawn from the different chapters are discussed in this
study. The contribution of the work is also presented. Recommendations and the

future scope of the study are also outlined.
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Literature Review

2.1 Introduction

This literature review covers different aspects related to physical and chemical
properties of bitumen, its rheology, performance evaluation of bitumen and bituminous
mixture characterization. The literature begins with the characterization of bitumen for
paving application. The chemical nature of the bitumen is described in brief along with its

importance in research application.

The second section describes the conventional and rheological tests for bitumen
characterization. The review presents a brief description about the conventional tests like
penetration, softening point and viscosity and its importance in judging the performance of
bitumen. Further, dynamic mechanical analysis (DMA) of bitumen has been described along
with the concept of viscoelasticity. Dynamic Shear Rheometer (DSR) has been introduced
and the concepts underlining its working application has been presented. The use of DSR for
evaluation of various rheological properties has been described along with the various ways
of interpreting and analyzing the rheological data. New test methods like multiple stress
creep and recovery (MSCR) and linear amplitude sweep (LAS) test used for the performance
evaluation of asphalt binders has also been discussed.

The third section deals with the modification of bitumen. It begins with the studies
related to need of bitumen modification and its importance. The various modification
techniques adopted so far has been tabulated and the best forms of modification is identified.
Further, different forms of polymer modification has been described with a detailed overview

of elastomer styrene butadiene styrene (SBS) and ethylene vinyl acetate (EVA).

The last section of the literature review discusses the bituminous mixture
characterization, mix design concepts and the various test methods for characterizing and
evaluating the performance of bituminous mixtures. In the whole thesis the term ‘bitumen’
and ‘asphalt binder’ is used analogous to each other. The mixture is described using

‘bituminous mixture’ or ‘asphalt mixture’.
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Individual literatures on the study of bitumen and asphalt mixtures are taken up as a
part of different chapters and are not discussed here. This chapter outlines the overall concept

on characterization of asphalt binders and mixes.
2.2 Bitumen

The term "bitumen™ originated in ancient Hindu language Sanskrit, where the words
"jatu" meaning pitch and "jatu-krit" meaning pitch creating, referred to the pitch produced
by some resinous trees. The Latin equivalent is claimed to be originally "gwitu-men"/"pixtu-
men", which was further shortened to "bitumen"[83]. The use of bitumen as an engineering
material dates back to 3000 B.C, when surface seepages of "natural™ bitumen were used as
mortar for masonry and water proofing purposes [6] . The history of use of asphalt later
shifted from use of lake asphalt to rock asphalt followed by consumption of gilsonite and
later coal tar. The use of coal tar disappeared around 1975 and bitumen was used as the

primary product for surfacing of roads.

Most of the current applications in asphalt pavements make use of bitumen
manufactured from crude oil. The process involves distillation, blowing and blending.
Fractional distillation is used to refine the bitumen and the crude is separated to liquid
petroleum gas, naphtha, kerosene, gas oil and long residue (complex mixture of high
molecular weight hydrocarbons). The long residue is then further subjected to vacuum
distillation at high temperature (350 °C-400 °C), which produces short residue. The different
grades of bitumen are obtained from this short residue. The short residue may be further

modified by air blowing to change its physical properties.

The four principal crude oil producing areas in the world are the Middle East, U.S.A.,
Russia and the Caribbean countries. The physical and chemical properties varies depending
on the crude source. Physically, they can be sorted as viscous black to free-flowing straw
colored liquids. Chemically, they may be predominantly paraffinic, naphthenic or aromatic,

with combinations of the first two being common [83].

It is estimated that the current world use of bitumen is approximately 102 million
tonnes per year. Approximately 85% of all the bitumen produced is used as the binder in

asphalt for roads. It is also used in other paved areas such as airport runways, car parks and
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footways.

A further 10% of global bitumen production is used in roofing applications, where its
waterproofing qualities are invaluable. The remaining 5% of bitumen is used mainly for
sealing and insulating purposes in a variety of building materials, such as pipe coatings,
carpet tile backing and paint. Bitumen when combined with properly graded aggregates
produces asphalt mixture which serve as the load carrying component of asphalt pavement.
Hence, it can be concluded that bitumen is not only a vital engineering material but also a

vibrant component in pavement engineering.
2.2.1 Bitumen constitution

Bitumen is a complex chemical mixtures of molecules which are predominantly
hydrocarbons with little amount of functional groups and heterocyclic species containing
atoms of sulfur, nitrogen and oxygen. Trace amount of metals like vanadium, nickel,
magnesium, iron and calcium can also be found. The proportion of these constituents vary

greatly depending on the crude source and type. The average quantity are as follows:

- Carbon 82-88%
- Hydrogen 8-11%
- Sulfur 0-6%

- Oxygen 0-1.5%
- Nitrogen 0-1%

The chemical composition of bitumen is complex. Broadly, the bitumen can be separated to
two main chemical groups called asphaltenes and maltenes. Maltenes can be further
subdivided into saturates, aromatics and resins. Methods such as solvent extraction,
adsorption by finely divided solids and removal of unabsorbed solution by filtration,
chromatography and molecular distillation are available to separate bitumen into various
fractions. Among these, chromatographic technique is most widely used for SARA

(saturates, aromatics, resins and asphaltenes) analysis of bitumen.
2.2.1.1 Asphaltenes

Asphaltenes, which are insoluble in n-heptane are black or brown amorphous solids

containing nitrogen, sulphur and oxygen in addition to carbon and hydrogen. They have high
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molecular weight and are highly polar complex aromatic materials. Asphaltene constitutes
5-25% of the bitumen and have considerable effect on its rheological characteristics. The
molecular weight ranges from 600-300000 depending on the separation technique.
Increasing the asphaltene content produces a harder bitumen, with lower penetration, higher

softening point and high viscosity. Figure 2.1 shows the typical structure of asphaltene.

Figure 2.1 Asphaltene structure

2.2.1.2 Resins

Largely composed of hydrogen and carbon, resins are n-heptane soluble dispersing
agents are peptisers for the asphaltenes. They are dark brown, solid or semi-solid polar
compounds which are highly adhesive. Their molecular weight ranges from 500-50,000. The
proportion of resins to asphaltenes governs the character of a bitumen being solution (SOL)
or gelatinous (GEL) type [83]. Figure 2.2 (a,b) shows the two typical nature of bitumen

depending on this ratio.
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Figure 2.2 (a,b) SOL and GEL type bitumen structure

2.2.1.3 Aromatics

Aromatics constitutes 40-65% of the bitumen and are dark brown viscous solids.
Their average molecular weight varies from 300-2000. They are low molecular weight
napthenic aromatic compounds which forms the dispersion medium for asphaltenes. They
are non-polar and have high dissolving power for other higher molecular weight

hydrocarbons [6]. The typical structure of aromatics is shown in Figure 2.3.
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Figure 2.3 Aromatics structures
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2.2.1.4 Saturates

Saturates are non-polar viscous oils which are white or straw in color. They form 5-
20% of the bitumen and include both waxy and non-waxy saturates. Their molecular
structure consist of straight and branched chained aliphatic hydrocarbons. Figure 2.4 presents

a typical structures of saturates.

Figure 2.4 Saturate structures

The Colloidal Index (ClI) also known as Gaestel Index, which is defined as the ratio
of the amount of asphaltenes and saturates to the amount of resins and aromatics, is often
used to assess the colloidal structure stability in bitumen [6]. A higher CI, indicates a GEL
type bitumen while a lower value portrays a more stable colloidal structure, therefore the
bitumen is regarded as SOL type bitumen [196]. The physical, mechanical and rheological
properties of asphalt binders are defined and determined by both the chemical composition

and the physical arrangement of the molecules in the material.
2.3 Conventional and Fundamental Testing of Bitumen
2.3.1 Penetration test

The penetration is a measure of the consistency of bitumen at 25 °C. The earlier
grading system of bitumen as per 1S 73:1992 specification was based on penetration values.

The penetration value is defined as the distance in tenths of millimeter, a standard needle
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penetrates a sample of bitumen under a load of 100 grams at a temperature of 25 °C for a
known loading time of 5 seconds. For example, a 30/40 penetration grade bitumen has a
penetration value at 25 °C ranging from 30 to 40 in units dmm. The test apparatus is shown

in Figure 2.5. Typically the values for paving grade bitumen range between 15-200 dmm.

Figure 2.5 Penetration apparatus used in the study

2.3.2 Ring and ball softening point test

The ring and ball softening point test is an empirical way to determine the consistency
of asphalt binders by measuring the equi-viscous temperature at the initiation of the fluidity
of bitumens. In this test, a steel ball (3.5 g in weight) is placed on a bitumen sample contained
in a brass ring. The sample is suspended in a water or glycerin bath. The temperature of the
bath is raised at 5 °C per minute until the ball travels a specified distance of 2.5 cm. This
temperature is considered as the softening point of the bitumen. Water is used for bitumen
with a softening point of 80 °C or below. Meanwhile, glycerin is used for softening points

greater than 80 °C. The test setup is shown in Figure 2.6.
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Figure 2.6 Softening point test of asphalt binders

2.3.3 Viscosity test

Viscosity which is measured in units of pascal seconds (Pa.s), is a degree of the
resistance to flow of a liquid which is defined as the ratio between the applied shear stress
and the rate of shear strain. It is also a consistency indicator of bitumen which can be
measured at a wide range of temperatures. In addition to absolute or dynamic viscosity,
viscosity can also be measured as kinematic viscosity in units of mm?/s which is equal to 1
centistoke (cSt). The viscosity of bitumen can be measured with a variety of devices in terms
of its absolute and kinematic viscosities. In general, specifications are based on measurement
of absolute viscosity at 60 °C and a minimum kinematic viscosity at 135 °C using
atmospheric and vacuum capillary tube viscometers respectively. It determines the time
required for bitumen to cross two pre-marked points. This time is multiplied by a calibration
factor of the instrument to obtain the viscosity value. Absolute viscosity can also be measured
using a sliding plate viscometer. The sliding plate test monitors force and displacement on a
thin layer of bitumen contained between parallel metal plates at varying combinations of
temperature and loading time [196].

Presently rotational viscometer test [3] is considered to be the most practical means
of determining the viscosity of bitumen. The Brookfield rotational viscometer and thermocel
system used in the study are shown in Figure 2.7. Measurements can be over a wide range

of temperatures and shear rates. Rotational viscometers consist of one cylinder rotating
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coaxially inside a second (static) cylinder containing the bitumen sample under a
thermostatically contained chamber. The torque on the rotating cylinder or spindle is used to
measure the relative resistance to rotation of the bitumen at a particular temperature and shear
rate. The torque value is then changed using calibration factors to yield the viscosity of the
bitumen. Viscosity is one of the most important parameter to describe the flow behavior of
the binder [89, 105, 106, 192].

Figure 2.7 Brookfield viscometer used in the study

Bitumen being a viscoelastic material, its behavior under practical conditions are both
temperature and time dependent and hence cannot be assessed using these conventional
techniques. The increase in use of polymer modified bitumen required introduction of new
test methods as conventional tests were proving to be inadequate. This led to the development
of Performance Grade (PG) plus specifications to characterize the performance of binders.
Multiple Stress Creep and Recover (MSCR) test [1, 4] and Linear Amplitude Sweep (LAS)
are the latest techniques used for the evaluation of rutting and fatigue performance of asphalt
binders. The Penetration and Softening Point tests are mostly empirical and hence are
inadequate for characterizing the viscoelastic behavior of bitumen. Viscosity testing,
although a more fundamental method of determining the rheological performance of a

bitumen, does not provide information on the time dependency of bitumen [7].
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2.3.4 Dynamic shear rheometer

The dynamic shear rheometer (DSR) test [2] is used to measure the elastic, viscous
and viscoelastic properties of bituminous binders by applying a sinusoidal strain to a
specimen and monitoring the resulting stress as a function of frequency. The test is conducted
within the linear viscoelastic (LVE) region over a wide range of frequencies (time of
loadings) and temperatures. The schematic diagram of DSR testing configuration is shown
in Figure 2.8.

Water level / Spindle

Water chamber Bitumen
cover

Figure 2.8 DSR testing configuration

The oscillatory-type test is conducted on binders at different temperature, frequency,
stress and strain levels. The operational procedure consists of a bitumen sample sandwiched
between two parallel plates which is subjected to a sinusoidal strain or a sinusoidal angular
displacement of constant angular frequency. The amplitude of the responding stress is
measured by determining the torque transmitted through the sample in response to the

applied strain. The stress and strain parameters can be calculated as:

o= (2.1)
w.r
and
o.r
V= h (2.2)

Where, o is a shear stress, T is a torque, r is radius of parallel discs, y is shear strain, & is

deflection angle and h is the gap between parallel discs. They are shown in Figure 2.9.
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Figure 2.9 Bitumen sandwiched between base plate and spindle.

The shear stress and strain in Equations 2.1 and 2.2 are dependent on the radius of
the parallel discs and vary in magnitude from the center to the perimeter of the disc. The
shear stress, shear strain and complex modulus, which is a function of the radius to the fourth
power, are calculated for the maximum value of radius. The phase angle, 6, is measured by

the instrument by accurately determining the sine wave forms of the strain and torque.

The strains that are applied during the dynamic testing must be kept small to ensure
that the test remains in the LVE region. Strain sweeps can be used to verify that testing occurs
in the LVE region. In general, the strain must be less than 0.5 percent at low temperatures
but can be increased at high temperatures. Various parallel disc sizes can be used during
dynamic mechanical testing. The size of the disc that should be used to test the bitumen
decreases as the expected stiffness of the bitumen increases. In other words, the lower the
testing temperature, the smaller the diameter of the disc that needs to be used to accurately

determine the dynamic properties of bituminous binders.
2.3.5 Ageing of bitumen

Bitumen, like many other organic compounds, is affected by the presence of
ultraviolet radiations, oxygen and changes in temperature. During its service life bitumen
undergoes ageing starting from its mixing with aggregates in mixing plants, during
transportation and laying and finally under the influence of weather and traffic. Ageing leads
to significant changes in physical and rheological properties of bitumen and is one of the
major factors leading to deterioration of bituminous pavements [99, 102, 108, 120, 146]. It
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leads to increase in stiffness of bitumen due to loss of volatiles and causes failure such as
thermally induced cracking and ravelling. Ageing is primarily associated with the loss of
volatile components and oxidation of the bitumen during asphalt mixture production (short-
term ageing) and progressive oxidation of the in place material in the road (long-term
ageing). Both factors cause an increase in viscosity (or stiffness) of the bitumen and

consequential stiffening of the asphalt mixture.

During its service period, bitumen undergoes a gradual loss in its various mechanical
and rheological properties such as cohesion, adhesion, waterproofing, self-healing, and
resistance to abrasion. This reduction is mainly due to the exposure of the binder to

continuous heat, light and moisture.

Based on the various physical hardening process the ageing of bitumen can be

broadly classified into two main categories-
1. Short term ageing, and
2. Long term ageing

The earlier age-hardening of bitumen is usually simulated using short term ageing.
Typically, these tests are used to simulate the relative hardening that occurs during the
mixing and laying process (i.e. short-term ageing). The ageing is expected to start from the
very first exposure of the bituminous binder to the plant burner and hot aggregates and

continues to hauling and laying till the final compaction.

Long term ageing, on the other hand is a slow process of ageing to which the bitumen
is exposed over its entire life period. Its effects in pavement depends on the prevailing traffic

and environmental conditions.
Ageing of bitumen comprises of two main mechanisms [102]-

e The first mechanism is an irreversible process which is associated with the chemical
changes inside the bitumen leading to changes in its mechanical and rheological
properties. The processes behind the occurrence of this irreversible ageing includes
loss of volatiles, oxidation and exudation which is the migration of oily components

from the asphalt binder into the aggregates.
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e The second ageing mechanism includes physical hardening which is a reversible
process. Physical hardening is attributed to the reorganisation of the molecular
structure of bitumen microstructure or bitumen molecules to attain a more stable and

ideal thermodynamic state under the prevailing conditions.

The main reason behind the ageing of bitumen in its service life is the atmospheric oxidation
of certain molecules which leads to the formation of highly polar and strongly interacting
functional groups containing oxygen. A number of tests already exist to determine the effect
of heat and air on bitumen and is discussed in the following sections.

2.3.5.1 Thin film oven test (TFOT)

The thin film oven test (TFOT) is a technique in which bitumen is aged by subjecting
it to conditions as found during normal hot-mix plant operations. It can be conducted using
ASTM Test Method D1754. Hot asphalt binder is placed in pans on a rotating shelf in an
oven maintained at 163°C for five hours. The aged residue may be subjected to various tests

to determine the effects of ageing.
2.3.5.2 Rolling thin film oven (RTFO) test

The rolling thin film oven test (RTFOT) can be conducted following ASTM Test
Method D2872 [19]. It is an improvement of the TFOT. 35 gms of bitumen samples are
poured on specially design glass bottles. The bottles are then placed horizontally into a
vertically rotating rack inside the equipment which maintained at 163 °C for 75 minutes. As
the bottles are rotated, fresh films of bitumen are exposed. During the test, the bitumen flows
continuously around the inner surface of each container in relatively thin films of 1.25 mm.
During each rotation, the opening of the bottle passes an air jet that purges accumulated
vapors from the bottle and exposes the bitumen to additional air to intensify the ageing effect.
The residue from the rolling thin film oven test is subsequently tested for the effects of
ageing. Figure 2.10 shows the RTFOT bottles before and after the test. The chamber of the
RTFOT used in the study is shown in Figure 2.11. The conditions in the test are not identical
to those found in practice, but experience has shown that the amount of hardening in the

RTFOT correlates reasonably well with that observed in a conventional batch mixer.
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Figure 2.10 RTFOT bottle before and after the test

Figure 2.11 Inside chamber of the RTFOT used in the study

2.3.5.3 Pressure ageing vessel (PAV) test

The long-term in-service oxidative ageing in field is simulated using the pressure

ageing vessel (PAV) [20]. The equipment used in the study is shown in figure below. The
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RTFO ageing is followed by ageing in PAV and the samples are then subjected to different
testing to assess the effect of long term ageing on the properties of the bitumen. The testing
procedure entails ageing 50 g of asphalt binder in a 140 mm diameter pan (approximately
3.2 mm binder film thickness) within a heated vessel. The vessel is pressurized with to 2.1
MPa of air for 20 hours at temperatures of 90, 100 and 110 °C. The ageing temperature
depends on the in service conditions where the bitumen is likely to be used and is selected
from the SHRP specification manual. The PAV test accounts for temperature effects but is
not intended to account for mixture variables such as air voids, type of aggregates and as
well as aggregate adsorption [132].Schematic figures of PAV pans and chamber is shown in
figure 2.12 (a,b).

(a) (b)
Figure 2.12 (a, b) Schematic figure of PAV pans and chamber

2.4 Viscoelastic Nature of Bitumen

Asphalt Binders are viscoelastic materials. Behavior of these materials, therefore is a
combination of elastic and viscous parts. Elastic materials return to their initial state after the
removal of applied loads, whereas in viscous materials permanent deformations persists even
after the removal of loads. Several factors affect the behavior of viscoelastic materials,
among which temperature is one of the most critical parameter. The second parameter, which

has an effect on viscoelastic materials, is frequency (loading time) or the rate of loading. At
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lower temperatures and higher frequency the behavior is elastic while at higher temperature
and low frequencies the material displays a Newtonian fluid type behavior. The range of
temperatures and loading times between these two extremes, at which the viscoelastic
behavior occurs, represents the typical conditions experienced in service[31, 109].

Transient methods, e.g. creep loading, stress relaxation, and constant rate of loading,
and Dynamic (oscillatory) test methods are the two most commonly used methods of
determining viscoelastic properties. Amongst the two, dynamic (oscillatory) testing is
usually considered more appropriate as in a relatively short testing time it covers a wide
range of temperature and loading conditions. The viscoelastic behavior of bitumen, based on
standard creep testing, is represented in Figure 2.13. Three regions of bitumen behavior can
be seen in the figure: elastic, delayed elastic and viscous. The non-recoverable deformation
is due to the viscous portion which the bitumen or the asphalt mixture incorporating the
bitumen experiences under loading. Nevertheless, the elastic and delayed elastic strain are
can be recovered completely after the load and applied stress are removed [83]. The elastic
response dominates the asphalt binder at low temperatures and/or short loading times.
Meanwhile, at high temperatures and/or intermediate loading times, the delayed response
rules. The delayed elastic and the purely viscous components governs the time dependent
deformation in the viscoelastic material [6]. The shape of the creep curve changes depending
on the relative magnitude of these three components. These descriptions for elastic, viscous
and viscoelastic nature of bitumen are for a linear response which means that the deformation
at any temperature and time should be directly proportional to the applied load. It is
enormously difficult to characterize the non-linear response for viscoelastic materials in the
laboratory [16]. To confirm that the testing remains within this linear viscoelastic region, the

strain/deformation to be applied to the bitumen should remain within limits.
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Figure 2.13 Response of a viscoelastic material in creep

2.5 Theory of Linear Viscoelasticity

The response of a linear elastic material is not time dependent. In other words, if a
constant load is suddenly applied to it, it will deform immediately, maintain a constant
deformation and return to its initial shape after the removal of the load. However, in a viscous
material, according to Newton’s law, stress is time dependent and is directly proportional to

the rate of strain but independent of strain itself.

The behavior of linear viscoelastic materials combine both linear elastic and linear
viscous behavior. If a constant strain is applied to this material, the stress, which is required
to maintain this deformation, decreases gradually or relaxes. Also, when a constant stress is
applied, deformation increases slowly with time or creeps. Under oscillatory testing, the
stress in a viscoelastic material is not exactly in phase with strain (pure elastic solid), and
also not 90 ° out of phase with strain (pure viscous fluid) but is between these two extremes.
The difference between linear viscoelastic and non-linear viscoelastic materials is that in
linear viscoelastic materials the ratio of stress and strain is a function of time (or frequency)

and temperature but not of stress magnitude.
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It is very important to understand the concept of linear viscoelasticity before moving
forward for the evaluation of viscoelastic parameters. In a linear viscoelastic material the
stress and strain is a function of time (frequency) and temperature, but is independent of the
stress magnitude. This assumption of bitumen being a linear viscoelastic material is true for
lower ranges of strain values which varies for different bitumen at different temperatures and
makes the analysis easier and convenient as compared to nonlinear analysis.

The two common methods of determining viscoelastic properties are [137]

1. Transient methods: Creep, Relaxation, constant rate Loading, and

2. Dynamic or oscillatory methods.

Dynamic methods (shear rheometers) are most widely used because of their ability to

incorporate wide range of loading and temperature conditions in a short time span [144].

2.5.1 Creep:

Creep is defined as the response of the material when subjected to a constant load
(o,) over a time period t (Figure 2.14). The strain varies as a function of time. The
viscoelastic parameter used to define creep is Creep Compliance J and is defined as the ratio

of strain to stress.

3(t)=o(t)/o, (2.3)
a)
UD~‘—
o) 0 Tl

Figure 2.14 (a, b) Stress strain Variation for Creep
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2.5.2 Relaxation:

Relaxation can be defined as the response of the material subjected to constant strain

(e,) over atime period t (Figure 2.15 a, b). The stress relaxes as a function of time. Relaxation
modulus R is used to define this process and is the ratio of stress and strain.

R(t)=0y /0, (2.4)

e

Figure 2.15 (a, b) Stress Strain Variation for Relaxation

Relation between stress and strain using Creep compliance and Relaxation modulus for a

cubical element is as follows:

e(t)=[ (t-7). 27 (25)
a(t):jR(t—T).dZEt).dt (2.6)

2.5.3 Dynamic/Oscillatory testing

The viscoelastic behavior of bitumen (especially polymers) can be characterized using
Dynamic Mechanical Analysis (DMA) with the help of Dynamic shear rheometer (DSR)
having parallel plate geometry. It can be operated in stress as well as strain controlled modes
[132]. Controlled Strain mode is normally used to determine dynamic mechanical properties
of bitumen [194]. A sinusoidal stress or strain amplitude is applied to a sample sandwiched

between two plates with the lower plate fixed and the upper plate applying the oscillatory
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load. Figure 2.16 (a-c) shows the variation of stress and strain for dynamically loaded sample

for different materials.
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Figure 2.16 (a-c) variation of stress and strain

For a controlled strain mode the following equations defines the evaluation for the

viscoelastic parameters [137]

¥ =y,Sinawt (2.7)
Y =Y,@CoS it (2.8)
From stress relaxation equation:
¢ do (t)
o(t)=[R(t-T).—5~dt (2.9)

0

Taking o (t) = 7 and R =G and t-T = s we get,

o0

r(t):_([G(s).yoa)cos[a)(t—sﬂds (2.10)
z(t) :TG (s).yoa)sin(a)t)sin(ws)JrTG (8).7,0c08(ws )cos(wt) (2.11)

7(t) =V imax UG (s)ewsin (a)s)}sin (98)+ Ve UG (s)a)cos(a)s)}cos(a)t) (2.12)
0 0
Replacing the first bracket by G' () and the second bracket by G (m) we get
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7(t) =VmaxG' (@)SiN(t) + 7 G” () COS () (2.13)

As the corresponding stress will be in lag with the strain by let us say 9, therefore,

7(t) =Tpnay SiN(@t +6 ) (2.14)
7 () =Tpax SINOLCOS & + 70, COS A SINS (2.15)
From the above equations,
G'(w)= {Tm—achosé (2.16)
7/max
G"() =(%—“jsin5 (2.17)
¥V max

G' and G" are the storage and the loss modulus which provides an insight about the
stored and dissipated energy by the sample. Storage modulus is associated with the stiffness
while loss modulus gives information about the internal friction [80]. The loss modulus is
also referred to as the viscous modulus or the viscous component of the complex modulus.
The loss tangent is defined as the ratio of the viscous and elastic components of the complex

modulus or simply the tangent of the phase angle.
5= tan*l(% (2.18)

The phase angle 6 defines the comparative elastic and viscous behavior. For a
complete viscous material the phase angle is equal to 90° while for a pure elastic material it
equals to 0° (Figure 2.17). Complex modulus (G*) on the other hand is a measure of overall

resistance to deformation and is defined as the ratio of maximum stress to maximum strain.

G*=(Tﬂ} (2.19)

7max
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Figure 2.17 Representation of Complex Modulus

In addition, a viscosity value for the bitumen can also be obtained from dynamic
oscillatory test. The viscosity is known as the complex viscosity (Pa.s) and is defined as the

ratio of the complex modulus and the angular frequency:

n =— (2.20)

Since the complex viscosity is a function of complex number pair, a real and an imaginary
part of the complex viscosity can also be defined. The real part of the n” is termed the

dynamic viscosity and defined as:

n'=- (2.21)

Where, n' is dynamic viscosity (Pa.s) and the other parameters are as previously defined.

The imaginary part of the n* is called out-of-phase component of n* and defined as:

=2 (2.22)

Where, n" is out of phase component of n* (Pa.s).

2.6 Time-Temperature Superposition Principle

Time temperature superposition (TTSP) is a competent tool for describing the
viscoelastic behavior of linear polymers over a broad range of time and frequency, by shifting
data obtained at several temperatures to a common reference temperature[6, 30, 59]. A single

rheometer can be operated to give values only over a range of three to four decades at a
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particular temperature[48]. For bitumen and modified binders comprising polymers, this data
is insufficient to describe the complete rheological and viscoelastic response from the high
frequency end of the plateau zone to the low-frequency terminal zone. In linear polymers
viscoelasticity arises from a molecular rearrangement process, which occurs from a stress or
from a diffusion process under stress. The speed of these processes depends on the speed of
molecular motion where temperature is a measure. In such materials all the processes
contributing to the viscoelasticity of a material are accelerated to the same extent by
temperature rise [95]. Thus, by obtaining data at several temperatures for a measurable range
of frequency, a master curve could be plotted at a single reference temperature that could
cover many decades of frequency/time. A material to which this technique is applicable is

said to be thermorheologically simple[6, 109].

Temperature dependent shift factors are used for the magnitude of stresses (vertical
shift) and time/frequency (horizontal shift) on log-log plots of material functions, like

complex modulus, phase angle and creep compliance. The temperature dependent, vertical

shift factorb, multiplies a stress, determined at temperature T to yield a “reduced stress”,
that is the value at the reference temperature chosen. Similarly, the horizontal shift factor a;
divides a time or multiplies a frequency to yield a reduced frequency/time scale of wa, or

t/a, . This principle can be mathematically written as
b, E(wa;, T)=E(w,T,) (2.23)

2.6.1 Thermorheological simplicity

TTSP is applicable only for “linear viscoelastic materials” which are
“thermorheologically simple”. How does one know if the material under consideration is
thermorheologically simple? Thermorheological simplicity is attained when all the
contributing retardation or relaxation mechanisms of the material and its stress magnitude at

all times or frequencies have the same temperature dependence.

To experimentally determine if a material is thermorheologically simple, one may
perform a set of creep or relaxation tests at different temperatures, and plot the results. If

these curves can be overlapped by horizontal and vertical shifts, on the log-time axis the
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material is said to be thermorheologically simple[95, 194]. If a smooth curve cannot be

obtained the material is “thermorheologically complex”.

Different material functions describe different form of behavior for the same
material. Bitumen complex modulus G is mainly associated with the physical aspect of the
material whereas the phase angle & is associated with its chemical nature. Hence in an
attempt to construct master curves using TTSP different shift factors can be obtained for
same temperature. Moreover predicting the behavior of the binder using only one of these
parameter is questionable. So, while studying the viscoelastic behavior of the bitumen using

master curves it is necessary that both these parameters be taken into consideration.

According to Airey [1997], modulus curves at low temperatures crowd together at
high frequency/low temperature values and at very high frequencies they nearly all coincide
with one horizontal asymptote. At this region, the modulus is called the glassy modulus, Gg.
Under viscous conditions, however, there is no convergence to a single viscous asymptote
as viscosity depends on temperature and therefore each temperature gives rise to a separate

viscous flow asymptote. This is shown in Figure 2.18.

Log stiffness
A

Log frequency

Figure 2.18 Viscous asymptote for asphalt binders.
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Airey [1997] also noted that because the limiting viscous behavior is strongly
temperature dependent and the elastic behavior is not, it is possible to separate the influence
of frequency and temperature. The concept of time-temperature superposition (Figure 2.18)
which shows an asymptote pair for an arbitrary reference temperature, Trer (Or Tr). If the
temperature is increased from Tre to T there is a decrease in viscosity by a factor ar.
Therefore, the viscous asymptote at T lies an amount of log ar below that of Tre. However,
the elastic asymptote is negligibly changed during the temperature rise. The result is that the
asymptote pair appears to be shifted a distance log ar along the log ® axis, because the
viscous asymptote has unit slope. The viscoelastic response of a bitumen is a transition
between the asymptotic viscous and elastic response and is represented by the curve for Tret.
If a change in temperature causes the modulus curve to shift together with its asymptotes
over the same distance log ar, the material behaves as a thermorheologically simple one.

A reference temperature can be chosen and the next higher modulus curve shifted
coincides with the reference temperature curve to obtain a value for the horizontal shift factor
log ar and a more extended modulus curve. This procedure is repeated for all curves in
succession to obtain a master curve. The effect of temperature on complex modulus is,
therefore, to shift the curve of log |G*| versus log o axis without changing its shape. This
permits the reduction of isotherms of log |G*| versus log ® measured over a wide range of

temperatures to a single master curve.

The extended frequency scale used in a master curve is referred to as the reduced
frequency scale and defined as:

log f, =log f +loga, (2.24)

Where, fris reduced frequency (Hz), f is frequency (Hz) and ar s the shift factor. The amount
of shifting required at each temperature to form the master curve is called the shift factor, ar.
A log ar plot versus temperature with respect to the reference temperature curve is generally
prepared in conjunction with a master curve. This plot gives a visual indication of how the
properties of viscoelastic material change with temperature [104]. Figure 2.19 shows the

process involved in constructing a master curve.
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Figure 2.19 Process for construction of master curve.

2.6.2 Shift factors
2.6.2.1 Vertical shift factor

Research has shown that stress functions of linear viscoelastic materials are
proportional to the product of density and temperature. The vertical shift factor represents
temperature induced density changes and involves shift along the modulus or stress function

axis. This implies that the vertical shift factor can be written as
by = (Topo) 1 (T p) (2.25)

Where, T, is the reference temperature, T is the temperature at which shift factor has to be

applied, p,and p are the corresponding densities.

The vertical shift factor is also sometimes determined directly from the variation with
temperature of a distinctive value of a modulus or compliance, such as a maximum or
minimum in loss modulus. Plateau of the material functions can also be used. Determining
horizontal shift of loss angle in loss angle versus log G* plot (Van Gurp-Palmen plot) is

another way of determining vertical shift factor that is independent of time or frequency shift.

44



Literature Review
However, most of the research to date on binders and bituminous materials mastercurve
construction does not normally consider vertical shift and it is assumed to be unity [6].

2.6.2.2 Horizontal shift factor

Horizontal shift factor a; is a number which is required to be multiplied to the time/
frequency to shift data at a particular temperature T to the reference temperature To. Different
researches had been done in finding a suitable value of a; for bituminous materials which

could be employed based on its thermal behavior. These studies focuses from the physical

molecular aspect of the binder to its chemical behavior.
2.6.2.2.1 Shift based on viscosity

Viscosity is a parameter which comprises of stress and time. It requires the

application of both the shift factors. If complex viscosity 7 is used as the rheological

parameter then the master curve for complex viscosity is plotted between E‘ﬂ(l‘ ) and
a‘T

®a; . This implies that if zero shear viscosity is taken into consideration one can write,

by (T)
ar(T)

17,(T) =1,(T,) (2.26)
Considering the vertical shift factor as unity, vertical shift factor can be written as,

1) = B{) 2.27
(0) 17,(To) ( )

2.6.2.2.2 Arrhenius equation

Observation of the dependence of viscosity of liquids on temperature led to the

empirical Arrhenius relationship that can be expressed as

2 (1/T -1/T,)] (2.28)

E
a. (T)=ex
(1) IO[2.303R

Where E, is called the activation energy, typically 250 kJ/mol for bituminous binders. It is

the minimum energy required for any intermolecular movement. R is the universal gas
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constant 8.314 J/°K-mol. Arrhenius equation has been found to fit data at the terminal and
plateau zones for linear polymers as long as the temperature is well above the glass transition
temperature Tq. Also meaningful activation energy has not been defined so far. Variation in
Ea with frequency and modulus has also been reported. So a logical value must be chosen
which could have some significance regarding the physical and/or chemical nature of

bitumen.
2.6.2.2.3 William-Landel-Ferry (WLF) equation

This equation is based on the free volume concept of Doolittle. It has been widely
used to describe relation between ar and temperature dependency of bitumens.

—C,(T-T
loga, = M (2.29)

C,+(T-T,)
Where, C: and C, are empirical constants. The implication of this model lies in the
determination of these constants. Moreover this equation has been mainly found suitable
when reference temperature is close to Tg. Many universal constants have been proposed
based on the reference temperature. The most famous and frequently used values are8.86 and
101.6 for C1 and C; as proposed by Williams et al. These values have shown good fit when
T-T>-20°C. Another values proposed by Anderson were 19 and 92 which were based on
some defining temperature Tq. This defining temperature is not very clear and is bitumen

specific [6].

Williams et al. proposed that the reference temperature is related to glass transition

temperature as
0
T, -T,=50°C (2.30)

But master curve should be such that, one must be able to view the rheological behavior at
any reference temperature desired. This limits the use of WLF equation which has strong

dependence on the selection of reference temperature.
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2.6.2.2.4 Manual shift procedure

This is a simple procedure in which the data are shifted manually in MS EXCEL or
similar workbook till a best and smooth fit is obtained. The smoothness of the curved is
judged visually. If smooth curve cannot be obtained, it implies that the binder is not

thermorheologically simple.
2.7 Rheological Data Representation

The DSR data obtained need to be represented in a useful form to enable study on the
rheological properties of bituminous binders.

2.7.1 Isochronal plots

It is the representation of any viscoelastic function (complex modulus, phase angle
etc.) verses temperature at constant frequency or loading time. Therefore, viscoelastic data
can be presented over a range of temperatures at a given frequency using an isochronal plot.
The simplest benefit of isochronal plots is the comparison of complex modulus or phase
angle at different temperatures. Moreover, several properties of bitumens, such as

temperature susceptibility, can be interpreted from this type of plot.

Temperature susceptibility, which is often a major performance criterion for
bitumens, may be defined as the change in consistency, stiffness or viscosity, as a function
of temperature. Temperature susceptibility should be based on measurements at different
temperatures but similar loading times as the rheological properties of bitumens are a
function of both time and temperature. The general shape of an isochronal plot at a constant

frequency is shown in Figure 2.20.
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Figure 2.20 Example of isochronal plot at different frequencies

2.7.2 Isothermal plots

It is the plot (Figure 2.21) of some viscoelastic function (complex modulus, phase
angle etc.) verses frequency at any particular temperature. In this plot, viscoelastic data, at a
given temperature, is plotted over a range of frequencies or loading times. Therefore, this
plot can be used to compare different viscoelastic functions at different loading times at a

constant temperature. In addition, it can be used to study the time dependency of materials.
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Figure 2.21 Example of isothermal plot at different temperatures

2.7.3 Black diagrams

It is the plot of complex modulus verses phase angle. It is very useful in judging
measurement errors, change in composition or structure of bitumen. So indirectly it can be
used for presenting the effect of aging or modification in bitumen. An example of the plot is

shown in Figure 2.22.
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Figure 2.22 Example of black diagram

2.8 Tests on Performance Evaluation of Asphalt Binders
2.8.1 Evaluation of rutting

Various test methods have evolved over years for predicting the rutting susceptibility
of unmodified and modified bitumen [69, 86, 117, 135, 138, 147, 163, 180]. Various tests
and researches have indicated the superiority of one test method over the other. The first
-

criteria/parameter to catch the rutting sensitivity of bitumen was|G"|/sin s, an outcome of the

Strategic Highway Research Program (SHRP)’s Superpave binder grading protocol. The
specification is laid out in American Association of State Highway and Transportation
Officials (AASHTO) M 320. This parameter is a resultant of the dissipated energy concept,
where the inverse of loss compliance (1/J°”) is used [17]. It is based on the assumption that
rutting is caused by the total energy dissipated per cycle of loading [135]. For a sinusoidal
wave, typical in dynamic shear rheometer (DSR), it can be determined that

— 2 1
Wy = 7.7,y '|G*|/sin5 (2.31)
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Where, W, = energy loss per cycle or dissipated energy; ., = maximum shear stress; |G| =

shear complex modulus and s = phase angle.

As can be seen in equation 2.31 that an increase in |G'|/sins causes the total

dissipated energy to decrease. This in turn leads to the reduction of the rutting susceptibility.

For this reason |G"|/sins was used for high temperature performance grading of paving

asphalts in Superpave specification to rank asphalt binders based on their rutting resistance.
This parameter correlated well with the rutting behavior of mixes in the studies done by
Dongre [53] and Stuart [166].

In Europe, zero-shear viscosity (ZSV) was adopted as a standard parameter to judge
the rutting performance of various binders. Different studies proved the validation of this
parameter as a rutting predicting tool for bituminous mixes [143, 169, 178, 179, 203]. There
are various methods by which the ZSV can be determined [34]. In this study steady shear
creep test using DSR was used to evaluate the variation of viscosity with shear rate. This
variation was modelled using Carreau-Yasuda equation using the following mathematical

form.

T i (apy ] (2.32)

m,—1,

Where 7 is the viscosity of the fluid, »,and »_ are the zero and infinite shear viscosity, ; is

the shear rate, 4 , n and a are the shape parameters. 1/ 4 is the critical shear rate at which the

viscosity starts to decrease.

Shenoy [157] later introduced another rheological term which was an advancement
of the traditional Superpave parameter. This term, according to studies done by Shenoy was
proved to be more fundamental and accurate in judging the rutting resistance of mixes [158].
Using fundamentals of rheological equations he found that the percent unrecovered strain

(%yunr) can be written as

005, 1 (2.33)

ol = |G| tanssin S
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*

He concluded that, to minimize the permanent deformation, the term should

(1-1/tan &sin o)

be maximized. Hence higher the value of this term, more rut resistant the binder will be.

During the same time, repeated creep-recovery test (RCRT) was suggested by
Bahia et al [25]. This was the outcome of National Cooperative Highway Research Program
(NCHRP) (NCHRP 459). Large number of mixes were found to correlate well with the
results of RCRT. In order to introduce the non-linearity associated with modified binders
and to make RCRT more rudimentary , multiple stress creep and recovery (MSCR) test was
proposed by D’Angelo [44, 45, 53]. Various laboratory and field investigations have proved
this method to be applicable for both unmodified and modified binders. This method has
been introduced as a part of new Superpave grading system (AASHTO MP 19-10) and is
accepted in standard form. MSCR test is conducted in accordance to AASHTO TP 70. DSR
is used for conducting the test using 25 mm diameter spindle with 1mm gap. The binder is
subjected to creep loading and unloading cycle of 1 second and 9 second respectively, at
stress levels of 0.1 kPa and 3.2 kPa. Ten cycles of loading is given at each stress level. The
non-recoverable creep compliance (Jnr) and percent recovery (% rec) are the two main
parameters which are calculated from the test results to evaluate the rutting susceptibility of
asphalt binders. The difference in Jor between the two stress levels, expressed as percentage
(Jnrgitf) is also calculated to determine the stress sensitivity of the bitumen. The test is
typically conducted at 64 °C on rolling thin film oven (RTFO) samples. Figure 2.23 shows
a classical creep and recovery curve for a single cycle and the corresponding calculations.
However, the average of all the ten cycles at each stress level is used in practice. Table 2.1
and Table 2.2 presents the desired specification values for different traffic conditions as
outlined by the Asphalt Institute (Al).
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Figure 2.23 Schematic representation of creep and recovery.

Table 2.1 Specification for maximum Jur at different traffic level

Type of Grade Jnr3.2kpa, KPal Maximum Jnr diff 0, max
S 4
H 2
v 1 75
E 0.5

Note: S-Slow; H-Heavy; V-Very heavy; E-Extremely heavy

Table 2.2 Specification for minimum % recovery for different Jnr

Jnr,3.2kPa, kPal

Minimum % Recovery

2.0-1.01 30
1.0-0.51 35
0.5-0.251 45
0.25-0.125 50

2.8.1.1Calculations

The creep strain at the beginning and end of each creep cycle was denoted as go and

gc. The strain at the end of each recovery cycle was symbolized as &r. The following

calculations according to ASTM D7405-10a [21] were made for analyzing the results
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obtained from the MSCR test. The calculations were made corresponding to each creep and

recovery cycle (N=1 to 10).

& =& —¢& (2.34)

&, =& —¢& (2.35)

1

The average percent recovery at all the stress levels was calculated as

R(c) = sum(¢ (o,N)) /10 (2.36)
Where,
(e —¢).100
g (o,N)=—"" (2.37)
&

1

Similarly the average percent non-recoverable creep compliance was calculated as
J (o) =sum(J_(o,N)) /10 (2.38)
Where,
J (o.N)=¢ Io (2.39)

2.8.2 Evaluation of fatigue

The current Superpave specification for performance grading was developed mainly
for unmodified binders and has been proved to be misleading for predicting rutting and
fatigue properties of modified bitumen [71, 73, 84, 85, 199]. The method employs the
parameter G*.sin d to quantify the asphalt binder fatigue resistance. It is based on the concept
that lower dissipated energy per loading cycle (m.y0>.G*.sind) will lead to lower distress
accumulation. Hence the intermediate temperature is determined such that G*.sind be less
than 5000 kPa [17]. This stiffness based parameter, which is a development of Strategic
Highway Research Program (SHRP), is measured at a fixed frequency (10 rad/sec) ensuring
the strain to be below the linear viscoelastic regime of the bitumen. The recommended strain

value is 1-2%. The test was developed based on the speculation that binder in pavements
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functions mostly in the linear viscoelastic range and is not likely to affect their properties.
This simple test cannot describe the actual complicated fatigue phenomena in which the

binder is exposed to higher strain levels and varied frequency levels.

Several testing methods have been developed to describe fatigue properties of
bitumen and modified binders, among which, the time sweep testing method, which was
developed during NCHRP Project 9-10, is one of the most accurate in providing fatigue
properties of bituminous binders [25]. However, Bahia et al. (2001) found that DSR-based
time sweep testing was not suitable for characterizing the fatigue behavior of bitumen as a
result of its unstable flow and edge fracture effects [199]. In this regard, Johnson (2010)
developed a new testing method, named the linear amplitude sweep (LAS) test, which was
used to investigate the fatigue properties of bitumen and polymer modified binders [46, 73,
199]. Good correlation with long-term pavement performance (LTPP), field fatigue cracking
data, and shorter testing time (310 s) were some notable advantages of this testing method
[73]. In this study hence LAS test has been used to evaluate the fatigue performance of
asphalt binders.

2.8.2.1 Test procedure of linear amplitude sweep

Linear amplitude sweep (LAS) test following AASHTO TP 101-14 is conducted to
determine the parameter A and B, to assess the fatigue life of the binders at different strain
levels. The test requires conducting a frequency sweep test followed by a linear amplitude
sweep. The frequency sweep is conducted at a very low strain level of 0.1% to obtain
undamaged material properties (o), which is used as an input in the analysis of amplitude
sweep test. The amplitude sweep test is conducted by linearly varying strain from 0-30%,
through 3100 loading cycles at a fixed frequency of 10 Hz as shown in Figure 2.24. The test
begins with 100 cycles of sinusoidal loading at 0.1% strain followed by incremental load

steps of 100 cycles each, at a rate of 1% increment in strain level.
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Figure 2.24 Strain sweep in LAS test

The frequency sweep test (0.2-30 Hz) is used for the determination of the parameter
alpha (a) which is later used in the analysis of strain sweep data. a is the reciprocal of the
straight line slope (m) of log G () versus log o curve. Frequency sweep is conducted at a

strain level of 0.1%, so as to ensure the linear viscoelastic range for the bitumen.
a=1/m (2.40)

Amplitude or strain sweep test is conducted at a frequenof 10 Hz, with loading
increasing from zero to 30% over the course of 3100 cycles of loading. The damage

accumulation in the specimen is calculated using the formulae,

1

DO = Y [#,'(C.s~C) " (4 )" (2.41)

Where, C(t) is the ratio of |G*(t) to |G*| which are the value of complex shear modulus

initial ?

at any time t and the initial undamaged |G+.
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Further, the calculated C(t) and D(t) are used to fit a relation of the form,
C =G _Cl(D)CZ (2.42)

Where Co, Ciand C» are evaluated using curve fitting. C at peak stress is used to

calculate the value of D(t) at failure (Ds) using the above equation.

The binder fatigue life Nr is calculated using the equation
NF = A(j/max)B (243)

Where, A and B are evaluated using the following equations

K
B=2a (2.45)

In the above equations, f is the frequency (10 Hz) and k is calculated as follows
k=1+(1-C,)a (2.46)

The above method for characterizing the fatigue is generated from the viscoelastic
continuum damage (VECD) principle, which starts from the basic Schapery’s equation for

damage (D) rate, written as [127]

dD oW

— - 247
dt oD (2.47)

The above equation for viscoelastic materials was modified to obey power law based on
Paris Law of crack growth

dD oW
— (- 2.48
dt ( 6D) (2.48)

W is the materials energy potential, while a is the exponent determining the energy release
rate.

Further the work done by Kim and co-workers [127] for monotonic loading was

implemented for harmonic loading as typical in flexible pavements. For strain controlled
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cyclic shear loading the dissipated energy during each cycle was used in place of W in
equation 2.48[73]. The dissipated energy is derived from the work done per unit volume by

the material, when subjected to cyclic loading. It could be written as
W =75, .|G"|.sins (2.49)

Using this equation in 2.48 yields the solution as
N o 1
D(t) = 2[7%2 (G’|sins,, —[G|sin (si)]w (t —t ) (2.50)
i=1

Further using equation 2.42 in equation 2.49 will give

dw -
0D = CCD) () (25)

Equations 2.51 and 2.48 creates a differential equation, which on solving will give

1 a

1 ((aCZ 70(71)) 1 ((aCZ 70571))

D(t) = | (2.52)
(-aC, +a+1)t (#C.C,7%)

This equation is finally transformed to equation 2.43.
2.9 Bitumen Modification

On the majority of roads, conventional binders perform well. However, increasing
demand of traffic, introduction of new axle configuration requires effective strengthening of
pavements [83]. To assist the Highway Engineer to meet this growing challenge, there now

exists a wide range of proprietary asphalts made with polymer modified bitumens.

Good basic design, stage construction and timely maintenance enable asphalt roads
not only to withstand all the demands that are made of them but also to provide the high
standards of safety and comfort that have become synonymous with bitumen-bound road
materials. However, there exists sections which are more highly stressed. These areas
requires special attention if the entire network is to perform well. It is better that maintenance
and strengthening work be done at a particular point of time instead of correcting few

sections repeatedly. Also, disruption of traffic during frequent maintenance will add more
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cost unnecessarily. Use of better materials, such as modified binder offers a better solution
of reducing the frequency of maintenance work and improving the life and strength of

pavement for a longer period of time.
2.9.1 Role of bitumen modifiers

As asphalt binder is responsible for the thermos-rheological properties of asphalt
mixes, it plays a vital role in determining many aspects including the permanent deformation
and fatigue cracking. A proportion of induced strain in asphalt is attributable to viscous flow
which is non-recoverable and gradually increases with both loading time and temperature.
The change in strain with time is due to the viscous behavior of the material. On removal of
the load, the elastic strain is recovered and some additional recovery occurs with time which
is known as delayed elasticity. Finally a residual strain remains which is unrecoverable and

is caused by the viscous behavior of the binder.

One of the primary role of the modifier is to increase the resistance of asphalt to
permanent deformation at high road temperatures without affecting the properties at other
temperatures. This can be achieved by either stiffening the bitumen or by increasing the
elastic component of the bitumen. The stiffening will reduce the total visco-elastic response
while increasing the elastic component will reduce the viscous component. Increasing the
stiffness will also tend to increasing the dynamic stiffness of the asphalt mix which will lead
to better load spreading capacity, increasing the structural strength and life of pavement.
Increasing the elastic component will lead to better flexibility and will be beneficial when

high tensile strains are induced on the structure [83].
2.9.2 Desired properties of a modifier

A plethora of studies have been conducted using different modifiers including filler,
mineral fibres and rubbers. Use of various bitumen modifiers to be used in pavement
construction has also been studied by many researchers. Table 2.3 details the most common

modifier and additives.
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Table 2.3 Different types of modifier

Type of Modifier Example
Styrene-butadiene-styrene (SBS)
Styrene-butadiene-rubber (SBR)
Thermoplastic Elastomers Natural rubber
Crumb tyre rubber
Polyisoprene
Ethylene vinyl acetate (EVA)
Polyethylene (PE)
Polypropylene (PP)
Polyvinyl chloride (PVC)
Epoxy resin
Thermosetting Polymers Acrylic resin
Phenolic resin
Sulfur
Lignin
Cellulose
Glass fibre
Fibres Polyester
Polypropylene

Thermoplastic Polymers

Chemical Modifiers

Organic amines
Amides
Amines
Phenols

Trinidad lake asphalt
Natural Asphalts Gilsonite
Rock asphalt
Carbon black
Hydrated lime
Lime
Flyash

Adhesion improvers

Antioxidants

Fillers

Various types of polymer and additives are available but only a few are suitable for
polymer modification. When used for bitumen modification a polymer must be capable to
resist degradation at high temperature and should maintain the desirable properties during
storage and handling. The polymer should also form a compatible system with the bitumen
and should be capable enough so that it can be processed with conventional laying/mixing
equipment and also should be cost effective [6]. The following table presents the benefit

gained by different types of modifier as per work done by various researchers.
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Modifier Permanen_t Thermal Fatigu_e Moisture Ageing
Deformation | Cracking | Cracking | Damage

Elastomer v v v v

Plastomer v

Tyre rubber v v

Carbon black v v

Lime 4 v

Sulphur v

Chemical modifier v

Antioxidants v

Adhesion improvers v v

Hydrated lime v v

To gain practical and economic benefit from the modifiers it should

- Bereadily available

- Resist degradation of asphalt at mixing temperature

- Easily mix with bitumen

- Increase the resistance to deformation at high pavement temperatures, and improve
the flexibility at lower temperatures

- Be cost effective

Once blended with bitumen, the modifier should maintain its premium properties during
storage and in-service applications. Most importantly it should be physically and chemically

stable during storage and should not separate from the base binder.
2.9.3 Polymer modified binders

Polymer modification is the incorporation of polymers in asphalt binders using
mechanical stirrers or through chemical reactions. Traditionally polymers have been used to
improve the temperature susceptibility of asphalt binders by increasing its stiffness at higher
temperatures, while maintaining adequate flexibility at lower temperatures [28, 59]. Since
1970’s a number of research articles have concentrated on use and benefits of polymer
modification for bitumen. Among the various modification techniques use of plastomers and

thermoplastic elastomers have gained lot of attention [100, 101]. An effective polymer
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modification leads to a thermodynamically unstable but kinetically stable system in which
the polymers are partially swollen by the light components of bitumen. The change in
rheological properties of bitumen due to polymer modification is a function of many factors
which includes amount and type of polymer, type of base binder and the mixing process. As
the polymer content increases the bitumen slowly transfers from a bitumen dominant phase
to a polymer dominant phase [6]. However, an ideal modified microstructure includes two
interlocked continuous phase. The polymer content at which this interlocked phase is
achieved is the optimum polymer content for bitumen modification. This interlocked phase
leads to better performance with respect to rheological properties, storage stability and cost-

effectiveness.

Although polymers tend to improve the performance of the virgin binder, but various
challenges have been encountered while modifying bitumen with polymers. Compatibility
between polymer and bitumen is one of the main issues which impose challenge on its use.
The poor storage stability results from poor compatibility due to difference in densities and
molecular weight of the bitumen and polymer. The difference in polarity and solubility is
also one of the prime reason for the incompatibility. The asphaltene and polymer compete
for the solubility in the maltene fraction which results in separation of the two phases [28,
83]. Higher cost, high temperature sensitivity and low ageing resistance has also been
reported in many studies imposing challenge on the use of polymer modified bitumen.

Polymers are generally categorized as plastomers and elastomers. Plastomers form a
tough, three dimensional rigid network to resist deformation, while elastomers are
characterized for having high elastic response and can resist permanent deformation by
stretching and elastically recovering their initial shape [83]. Plastomers have no or little
elastic component, resulting in their quick early strength under load. Thermoplastic
elastomers on the other hand soften on heating and hardens on cooling and have been found

to be more successful than plastomers as bitumen modifiers.
2.9.3.1 Thermoplastic polymers

Thermoplastics are characterized by softening on heating and hardening on cooling.
Polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), polystyrene (PS) and
various ethylene copolymers (semi-crystalline polymers), such as ethylene vinyl acetate (EV
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A), ethylene butyl acrylate (EBA and ethylene methyl acrylate (EMA), are the principal
thermoplastic polymers. These polymers increase the stiffness and viscosity of bitumen at
normal service temperatures. They tend to influence the penetration more than the softening
point. EVA polymers have been widely used in the road construction industry for more than
20 years, where they improve both the workability of the asphalt during compaction and its
deformation resistance in service. EVA polymers improve the bitumen properties
significantly but to a different extent depending on the bitumen source and the polymer
characteristics [64, 65, and 124].

EVA copolymers consist of random chains of ethylene-vinyl acetate chain produced
by the copolymerization of ethylene and vinyl acetate. The structure of the EVA copolymer
is shown in Figure 2.25 and consists of the closely packed, regular polyethylene segments
that form the crystalline regions, and the bulky vinyl acetate groups, which constitutes the
non-crystalline or amorphous rubbery regions [83]. The presence of polar acetate groups as
short branches in EVA disrupts the closely packed crystalline microstructure of the ethylene-
rich segments which leads to reduction in the degree of crystallinity, increasing the polarity
of the polymer. This is beneficial in terms of storage stability for the modified bitumen. The
properties of EVA copolymers are classified by the molecular weight and vinyl acetate
content of the polymer. The molecular weight of the polymer is measured using its melt flow
index (MFI), which is inversely related to molecular weight. The proportion of vinyl acetate
in the copolymer determines whether the behavior of the EVA will be more crystalline, stiff
and reinforcing in character or more amorphous and rubbery. When vinyl-acetate content is
low, the degree of crystallinity is high and the properties of the EVA is analogues to low
density polyethylene. As the vinyl-acetate content increases, EVA shows a biphasic
microstructure where the polyethylene (PE) segments imparts crystallinity and the vinyl

acetate content provides the amorphous behavior.
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Figure 2.25 Structure of Ethylene Vinyl Acetate (EVA)

EVA copolymers are easily dispersed in and have good compatibility with most
available bitumens and are thermally stable at normal mixing and handling temperatures.
When the EVA copolymer is blended with the base bitumen, portions of the "oil fraction” of
the bitumen are absorbed by the amorphous phase causing the polymer to swell. At low EVA
concentrations, a dispersed EVA-rich phase can be observed within a continuous bitumen-
rich phase. As the EVA concentration increases, phase inversion occurs in modified bitumen
and the EVA-rich phase becomes a continuous phase. Only the amorphous, low molecular
weight fractions of the polymer are involved in this dissolution reaction between the bitumen
and the polymer. EVA copolymers with a low vinyl acetate content and high molecular
weight, therefore do not absorb "oil" significantly, due to their high crystallinity. If two
interlocked continuous phases form in the modified bitumen, and the properties of bitumen
could be improved to a large extent. EVA was found to form a tough and rigid network in
modified bitumen to resist deformation, which means that EVA modified bitumen has an

improved resistance to rutting at high temperatures [6, 150].

The quantity and chemical composition of the "oil fraction™ of the bitumen and the
crystallinity of the semi-crystalline polymer are critical in determining the rheological
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character of ethylene copolymer modified bitumen. Highly crystalline polymers, that do not
absorb sufficient quantities of oil, do not swell and therefore tend to behave simply as fillers
in the modified bitumen, therefore reproducing a generally bitumen-like rheological
character. At the same time, polymers that dissolve too easily in the PMB matrix, lose their
mechanical characteristics resulting in a blend that again shows a bitumen-like behavior. Too
high a degree of compatibility will therefore mask the properties of the EVA copolymer, and
hence a certain degree of incompatibility is required to produce an optimum blend. Although
some properties of bitumen are enhanced by EVA modification, there are still some problems
limiting its application. One large limitation is the fact that EVA cannot much improve the
elastic recovery of bitumen due to the plastomer nature of EVA. Furthermore, the glass
transition temperature (Tg) of EVA copolymers, which strongly depends on the vinyl acetate
content, is not low enough to significantly improve the low-temperature properties of
bitumen. It was reported that Tg of EVA copolymers with 28.4 wt% of vinyl acetate is -19.9
°C, which is even quite close to Tg of some base bitumen. As a result, EVA’s ability to
improve the low-temperature properties of bitumen is rather limited, especially at high EVA
concentrations. According to a research, bitumen’s resistance to low temperature cracking
was increased to some extent by addition of 2 wt% or 4 wt% of EVA, while the resistance to

low-temperature cracking was decreased when adding 6 wt%.
2.9.3.2 Elastomers

Thermoplastic elastomers are usually more effective than plastomers for bitumen
modification. Elastomers such as natural rubber (NR), polybutadiene (BR), polyisoprene
(IR), isobutene isoprene copolymer (1IR), polychloroprene (CR), styrene butadiene rubber
(SBR) and styrenic block copolymers have been used to modify bitumen. The most popular
thermoplastic elastomers as bitumen modifiers are SBS copolymers and SIS copolymers.
Styrenic block copolymers, commonly termed thermoplastic rubbers (TR) due to their ability
to combine both elastic and thermoplastic properties, may be produced by a sequential
operation of successive polymerization of styrene-butadiene-styrene (SBS) or styrene-
isoprene-styrene (SIS). Alternatively, a di-block precursor can be produced by successive
polymerization of styrene and mid-block monomer, followed by a reaction with a coupling

agent. Therefore, not only linear copolymers but multi-armed copolymers, known as star-
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shaped, radial or branched copolymers, can be produced. The structure of a SBS copolymer
is shown in Figure 2.26 and consists of styrene-butadiene- styrene tri-block chains, having a
two phase morphology of spherical polystyrene block domains within a matrix of
polybutadiene.

Polybutadiene /

rubbery matrix

Figure 2.26 Structure of styrene butadiene styrene (SBS) copolymer.

SBS copolymers derive their strength and elasticity from physical cross-linking of
the molecules into a three-dimensional network. The polystyrene (PS) end-blocks impart the
strength to the polymer and the polybutadiene (PB) or polyisoprene rubbery matrix mid-
blocks give the material its exceptional elasticity [22, 23, 99, and 182]. The chemical
linkages between PS and PB blocks can immobilize domains in the matrix. Tg of PS blocks
is around 95 °C and Tg of PB blocks is around 80 °C. Under the usual service temperatures
of paving bitumen, PS blocks are glassy and contribute to the strength of SBS while PB
blocks are rubbery and offer the elasticity. The effectiveness of these cross-links diminishes
rapidly above the glass transition temperature of polystyrene of approximately 100 °C, but
the polystyrene domains will reform, and the strength and elasticity will be restored on

cooling as shown in Figure 2.27 (a-c) below.
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Figure 2.27 (a-c) Phase transition in styrene butadiene styrene (SBS) with change in

temperature.

When SBS is blended with the base bitumen, the elastomeric phase of the SBS
copolymer absorbs maltenes (oil fractions) from the bitumen and swells up to nine times its
initial volume. At suitable SBS concentrations, a continuous polymer network (phase) is
formed throughout the PMB, significantly modifying the bitumen properties [23, 182]. As
thermoplastic rubbers have molecular weights similar to or higher than that of asphaltenes,
they compete for the solvency power of the maltene phase and phase separation can occur if
insufficient maltenes are available. This phase separation is an indication of the
incompatibility of the base bitumen and the polymer and care should be taken when blending
thermoplastic rubber PMB’s. The compatibility of the SBS - bitumen blend can be improved
through the addition of aromatic oils. However, too high an aromatic content in the blend
will dissolve the polystyrene blocks and destroy the benefits of the SBS copolymer in the
PMB.
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2.10 Characterization of Asphalt Mixtures
2.10.1 Mix design of asphalt mixture

Binder alone cannot judge the performance of the mix. The aggregate gradation combined
with the bitumen as the binding material has to perform together for complete
characterization of the properties of the topmost pavement layer, also known as hot mix
asphalt (HMA). The two basic ingredients of HMA are: aggregates and bitumen. Mix design
of HMA is the process of determining the properties and blending of different size of
aggregates, selection of appropriate binder and finally finding the optimum dosage of the
binder to be combined with the selected aggregate gradation.

HMA is a complex material upon which many different, and sometimes conflicting,
performance demands are placed. It must resist deformation and cracking, be durable over
time, resist water damage, provide a good tractive surface, and yet be inexpensive, readily
made and easily placed. In order to meet these demands, the mix designer can manipulate all

of three variables:

a) Aggregate: Attributes such as source (type), size, strength (in terms of abrasion and
toughness), gradation, texture and shape as well as durability and resistance to can be
measured, judged and altered to some degree.

b) Asphalt binder: The rheology of the binder, its type as well its modification technique
(if any) is measurable and can be judged and altered as required.

c) Proportion of asphalt binder to aggregate: The optimum asphalt binder is expressed
in terms of total weight of the HMA or by total weight of the aggregate. The selection
of this ratio has considerable effect on the mechanical response of the mix and is the
most important parameter of mix design. The proportion of asphalt binder can be
varied widely, due to the considerable difference between the aggregate specific

gravity.
2.10.1.1 Basic procedure

Irrespective of the method used for mix design of asphalt mixture, the basic procedure

remains the same. The three basic steps involved in the mix design procedure are as follows:
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a) Selection of aggregate: Aggregate acceptance is different for various
agencies/owners. Usually the aggregates are subjected to different physical tests
and are checked against the specification laid down by the state
agencies/government. The proper aggregate gradation depending on the mix
design are specified. It may be required to procure the aggregates from more than
one quarry stockpile in order to meet the required gradation criteria.

b) Asphalt binder selection. The selection and grading of asphalt binder also varies
from country to country. In India viscosity graded (VG) binder is used for the
construction of flexible pavement. Countries like USA follows the Superpave PG
specification. Separate protocol is used for modified binders.

c) Determination of optimum binder content: Determination of optimum binder
content is a function of the mix design method adopted. The process can be
viewed in the following steps:

o Prepare several trial mixes with varying asphalt contents.

o Compact the trial mixes in the laboratory so as to roughly simulate the field
compaction.

o Measure the key sample characteristics using different laboratory techniques.

o Adopt the asphalt binder content which satisfies the mix design objectives.
2.10.1.2 Different mix design methods

There are several methods which can be used for the mix design of asphalt mixtures.

However, three methods as follows are the most common among all:

a) Hveem mix design
b) Marshall mix design, and
c) Superpave mix design

These methods have been discussed in brief in this section.
2.10.1.2.1 Hveem mix design

This method was developed in the late 1920s and 1930s by Francis Hveem, who was a
resident engineer for the California division of highways. The method can be divided into

three basic steps as follows:
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1. Selection of aggregates: This procedure is similar to the other methods as discussed
above.

2. Selection of asphalt binders: This is a function of the state design catalogs and special
design requirements, if any.

3. Determination of optimum asphalt binder content: For the Hveem method this step
can be divided further to five more substeps.

a) Multiple initial samples are prepared at different asphalt binder content by the dry
weight.

b) These samples are compacted using the California kneading compactor (Figure
2.28). This is a specific type of compactor for Hveem mix design method.

c) Hveem stabilometer and cohesiometer is employed for evaluating the stability
and cohesion of the samples. Depending upon the mix class being evaluated the
passing values of stability and cohesion are checked.

d) The density and other volumetric properties of these samples are determined next.

e) Finally the optimum binder content is selected corresponding to 4% air void
content. His binder content should pass both the cohesion and stability test values.

Figure 2.28 California kneading compactor
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2.10.1.2.2 Marshall mix design method

This method is most commonly used by most of the laboratories as this method is proven
and relatively light, inexpensive and portable equipment is required. This method and its
underlying concepts were developed by Bruce Marshall who worked for Mississippi

highway department around 1939 and was later refined by U.S Army.

Like Hveem mix design, Marshall mix design procedure can also be divided into three
basic steps out of which the first two are the same. The selection of optimum binder content

in the Marshall mix design can be divided into five sub-steps as follows:

a) A series of initial samples are prepared at different asphalt contents. Two to three
samples are typically made corresponding to each binder content. Two samples above
and two samples below the optimum are usually prepared.

b) Marshall drop hammer is used to compact these samples. The drop height and weight
of the hammer is specific for the method.

c) Stability and flow values for the compacted samples are evaluated further with use
of Marshall equipment as shown in Figure 2.29.

d) The density and other volumetric properties are measured and calculated.

e) Finally the optimum binder content is selected corresponding to 4% air void content

as long as it passes other volumetric requirements.

Figure 2.29 Example of Marshall test apparatus
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2.10.1.2.3 Superpave mix design

Similar to Hveem and Marshall mix design methods, Superpave mix design has been
proved to produce high quality hot mix asphalt from which long-lasting pavement can be
constructed. Just like the other design methods the mix design in Superpave method can be

divided into three steps as follows:

1. Selection of aggregates: There are three different ways in which the aggregate is
specified. First, restrictions are specified on aggregate gradation by use of gradation
specifications. Secondly, specification are imposed on physical properties of
aggregate angularity, flat and elongated particles and clay content. Lastly, aggregate
properties such as durability and soundness are specified, which is also known as
‘source properties’ by the Asphalt Institute.

2. Selection of asphalt binder: In this method PG binders according to Superpave are
selected depending upon the expected pavement temperature.

3. Determination of optimum asphalt binder content: This step is broken up into four
sub steps in the Superpave method.

a) Several samples are prepared initially, usually two at the proposed design asphalt
content and four other samples, two at 0.5% above and two at 0.5% below the
design asphalt content.

b) Superpave gyratory compactor (Figure 2.30) is employed for the compaction of
these samples. The compactor is specific to the design method.

c) The density and other volumetric properties are determined next.

d) Finally, the optimum asphalt binder content is selected corresponding to 4% air

void content.

No accepted standard performance test, typical to Hveem and Marshall mix design
method, is used in Superpave mix design method. In this study, Marshall mix design

procedure is used for preparation, testing and analysis of various asphalt mixtures.
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Figure 2.30 Example of Superpave gyratory compactor

2.10.2 Performance test of hot mix asphalt

The laboratory mix design can be related to the actual field performance by use of
different performance tests. Just like the characterization of asphalt binders, the task in HMA
performance testing is the development of those physical tests which can successfully
quantify the key performance parameters in HMA and how there are changes in these

parameters throughout the life of a pavement. The following are those key parameters.

a) Rutting (deformation resistance): This is one of the key performance parameters for
characterizing the permanent deformation behavior of the asphalt mix/pavement. It
depends largely on the mix design, type and gradation of aggregates and the
rheological aspects of the bitumen used to prepare the mix.

b) Fatigue life: This is also one of the key parameters describing the resistance of the
asphalt mix to repetitive loading. Its dependency on structural design and subgrade
support is higher than the mix design of the asphalt.

c) Tensile strength: Tensile strength is an indication of pavement cracking at low

temperatures. It depends mostly on the properties of the binder.
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d) Stiffness: The stiffness describes the stress-strain relationship of the HMA by use of

elastic or resilient modulus. The variation of the elastic and resilient nature of the
HMA with change in temperature is important for a detailed characterization of the
mix.

Moisture susceptibility: Certain combinations of asphalt binder and aggregate can be
prone to moisture damage. There are various tensile strength and deformation
resistance tests that can be employed for the evaluation of the moisture susceptibility
of a HMA mixture.

2.10.2.1 Rutting

Ongoing research into what type of test could more accurately predict the permanent

deformation of HMA has yielded many test methods which can be broadly categorized as

follows:

Static creep test: A load is applied to a sample and it measures the recovery on the
removal of the load. Though this test provide an indication of the permanent
deformation but correlates poorly with the actual field results.

Repeated load tests: A repeated load is applied to a test specimen at a constant
frequency for more than 1000 repetitions and the specimen’s permanent deformation
and recoverable strain is measured. This test method has been found to give better
field prediction as compared to static creep test results.

Dynamic modulus tests: A repeated load is applied to a test specimen at varying
frequencies over a relatively short period of time and the specimen’s permanent
deformation and recoverable strain is measured. The viscous properties of the
material can also be measured using some dynamic modulus test where the lag
between the peaks applied stress and the peak resultant strain is obtained. Fair
correlations with in-service rutting measurement can be obtained using these tests but
the test is more complicated and difficult to run.

Empirical test: Traditional tests using Hveem and Marshall apparatus can also be
used to predict the permanent deformation characteristics of HMA. These tests

however do not provide insight about any of the fundamental material parameter.
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V. Simulative tests: Laboratory wheel tracking devices falls under this category.
Research have shown that results using this test method correlates fairly well with

field rutting measurements.

In this study wheel rut testing was used for the evaluation of permanent deformation

characteristics of asphalt mixtures.
2.10.2.2 Fatigue life

Fatigue cracking is one of the principle modes of HMA pavement failure and hence
the accurate evaluation/prediction of fatigue life can be useful in judging the overall life of
pavement. Flexure test is one of the typical ways of estimating the in-place fatigue properties
of HMA. In this test method small rectangular HMA beams are subjected to repeated loading
until the failure. Failure is usually defined as 50% reduction in stiffness of the sample.
Results are plotted in the form of fatigue life versus the applied stress/strain. In this study
four point beam bending test (4PBBT) was used for the estimation of fatigue life of asphalt

mixes. A schematic representation of the testing apparatus is shown in Figure 2.31.

Figure 2.31 Schematic representation of four point beam bending test

2.10.2.3 Tensile strength

Tensile strength of HMA is a good indicator of its potential to cracking. An asphalt
mixture with high tensile strain at failure can be said to be resistant to cracking as it could

undergo larger deformations before failure. Measuring the tensile strength before and after
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water conditioning can also give indications about the moisture susceptibility of the mixture.
If the asphalt mix retains higher tensile strain at failure relative to the unconditioned
specimen, it would indicate greater potential to resist moisture damage. The tensile strength

is usually measured using the following two tests:

I.  Indirect tension test: The test setup is similar to the diametral repeated load test. A
constant rate of vertical deformation is applied till failure of the specimen.

Il.  Thermal cracking test: Thermal cracking test measures the tensile load in the test
specimen which is cooled at a constant rate while being restrained from contraction
and determines the tensile strength and temperature at fracture of the sample. The test

is terminated after the failure of the specimen.

In this study indirect tension test was used for reporting the tensile strength of different

asphalt mixtures prepared using various binders.
2.10.2.4 Stiffness tests

The elastic or resilient modulus of HMA can be determined using stiffness tests. The
primary use of this test methods can be appreciated when the values are evaluated at different
test temperatures. Standard values already exists for different mixes at a standard
temperature. Change in temperature has been found to considerably effect the elastic and

resilient modulus of HMA.
2.10.2.5 Moisture susceptibility tests

Any test in which the performance can be evaluated on wet and dry samples can be
used to see the effect of moisture on HMA. Various tests has been used for the same but none
has attained any broad acceptance. Out of all, modified Lottman test has been recommended
the most. In this test the indirect tensile strength of unconditioned and conditioned samples
are compared by taking their ratio. This ratio is called the tensile strength ratio (TSR) which
should be typically 0.80 or higher for better resistance to moisture. In this study the moisture
susceptibility of the asphalt mixtures were determined by using TSR and retained Marshall

stability test.
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Chapter 3
Modification of Asphalt Binder

3.1 Introduction

Polymers are usually provided in the form of pellets or powder which can be
subsequently diluted to the required polymer content by blending with base bitumen by using
low to high shear mixer. Blending pellets of polymer with base bitumen results in a special
polymer concentration suitable for different applications [150]. When a polymer is mixed in
bitumen, compatibility due to difference in polarity, molecular weight and typical structure
of polymer and base bitumen plays a critical role [65, 121, 182]. Also the competency of the
polymer and asphaltene for the solvency of maltene fraction in the bitumen may disturb the
polymer-bitumen system leading to phase separation [83, 101, 119, 200]. VVarious researchers
have used different methods for modifying bitumen using polymers [36, 65, 124, 150]. The
main difference is found in use of different mixing temperature, blending time and shear rate
for producing the PMB. In spite of the significant research which has been carried out related
to the SBS and EVA modified PMBs in road applications, more studies have to be
undertaken on the compatibility and in the interaction between the SBS, EVA polymer and

the base bitumen.
3.2 Materials Used
Modified binders were produced using the following materials:

1. VG 10, viscosity graded bitumen, collected from Mathura refinery. This was the base

binder which was used for modification.

2. EVA copolymer (Evatane®) supplied in pellet form of 2-3mm in size. Evatane® 2805
which contains vinyl acetate content of 27-29% is a highly flexible plastomer designed for
bitumen modification and especially for road paving. Modification was done using different
percentage of EVA varying from 1-7%.

3. The SBS polymer used was Kraton D-1101 which is a linear SBS polymer in powder form

that consists of different combinations made from blocks polystyrene (31%) and

79



Modification of Asphalt Binder

polybutadiene of a very precise molecular weight [150]. These blocks are either sequentially
polymerized from styrene and butadiene and/or coupled to produce a mixture of these
chained blocks. Modification was done using different percentage of SBS varying from 1-
5%.

The properties of Evatane® and Kraton D-1101 are presented in Table 3.1

Table 3.1 Properties of Evatane® and Kraton D-1101[160]

Composition Specification Evatane® Kraton D-1101
Molecular structure - Linear Linear
Specific gravity ASTM D792 0.92 0.94
Shore hardness (A) ASTM D2240 82 71

Melt index ASTM D1238 5-8 <1
Elongation at break
ASTM D412 700-1000 875
(%)
Tensile strength at
ASTM D412 33 31.8
break (MPa)

3.3 Optimum Blending Requirements

The first part of this study focusses on obtaining optimum blending requirements for
EVA and SBS modified binder by varying the mixing temperature, blending time and the
shear rate. Modification was done at four different mixing temperatures (160° to 190°C with
increment of 10°C), four different mixing time (20, 30, 40 and 60 minutes) and five altered
shear rate (300, 600, 900, 1200 and 1500 rpm). A total of 80 combinations were obtained for
each modifier. The range of values for different parameters were selected after reviewing

various literatures.

Storage stability (SS) value (Separation test) as mentioned in IRC SP 53-2010 [78]
was used as the variable for achieving the goal. It is believed that at higher temperatures the
modifier tends to separate from the base bitumen which could be influenced by inappropriate
blending requirements used for modification. An aluminum tube, 25.4 mm diameter and

136.7 mm height is filled with hot modified bitumen and is kept vertically at 163°C for 48
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hours. It is then immediately transferred to a freezer having temperature of 6.7 + 5°C and left
for 4 hours to solidify. The tube is cut into three equal parts and ring and ball softening point
test is conducted on the bitumen sample obtained from the top and bottom parts. The
difference in softening point temperature should not be more than 3°C for the modified

binder to be storage stable.

Tables 3.2 and 3.3 shows the values obtained for different combinations of the
blending parameters. Figures 3.1 (a-u) and 3.2 (a-0) presents the variation of storage stability
for both EVA and SBS modified binders at different combinations of modifier content and

the blending parameters.

In general, higher temperature, longer blending time and higher shear rate gave the
least storage stability values for both EVA and SBS modification, indicating a better mix.
Few values were found to be unexpected and may be attributed to measurement errors. These
values can be ignored as we have a large number of data set. The storage stability values
were higher than 3 °C for modifier content higher than 5% in case of EVA and 3% in case
of SBS, irrespective of any combination of blending parameters. It can be seen (from the
slope of the curves) that for EVA modification temperature plays the most crucial role. Shear
rate has the minimum effect on the values of SS. The effect of shear rate became significant
as the percent of modifier increased, showing maximum influence for 7% modification.
However for SBS, shear rate had considerable effect on modification. It was found that a
storage stable modified binder was obtained only at higher shear rates in case of SBS. It was
not possible to obtain a storage stable mix for either of the modifier at temperatures below
170 °C. Blending time also plays a crucial role as sufficient time is required for the swelling

of polymers in hot bitumen for proper dispersion.

Table 3.2 Storage stability values for EVA modification

Temperature Mixing Shear Percentage of Modifier
S.No. °C) time Rate 0 o o o o 0 0

(minutes) (S"l) 1% 2% 3% 4% 5% 6% 7%
1 160 20 300 3.9 4.2 5.3 5.3 55 6.0 7.2
2 160 30 300 3.2 35 5.2 5.3 5.4 5.9 6.5
3 160 40 300 3.2 3.3 5.2 5.2 5.4 6.0 6.6
4 160 60 300 2.9 3.2 5 5.1 5.2 5.9 6.2
5 160 20 600 3.7 4 4.8 5.2 5.4 6.2 6.8
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6 160 30 600 3.1 3.4 4.7 5.1 53 59 6.6
7 160 40 600 2.8 3.1 4.7 5.2 5.3 5.8 6.5
8 160 60 600 2.7 3.1 45 4.7 4.9 5.7 6.5
9 160 20 900 3.5 4.1 4.7 4.8 5 5.8 6.7
10 160 30 900 3.1 3.4 4.6 4.6 4.8 5.5 6.6
11 160 40 900 3.0 3.3 4.7 45 4.7 5.4 6.2
12 160 60 900 3.1 3.3 4.3 4.3 4.5 5.4 5.9
13 160 20 1200 3.5 4 45 4.7 4.9 5.6 6.2
14 160 30 1200 3.1 3.4 4.2 4.7 4.9 5.4 6.1
15 160 40 1200 3.0 3.3 4.2 4.6 4.8 5.4 6.1
16 160 60 1200 2.9 3.2 3.9 4.3 4.7 5.3 5.8
17 160 20 1500 3.9 4.2 4.2 45 4.6 5.4 5.9
18 160 30 1500 3.1 3.4 3.6 3.9 3.9 5.2 5.9
19 160 40 1500 2.8 3.4 3.5 3.9 4.1 4.8 5.7
20 160 60 1500 2.6 3.1 3.3 3.9 4 4.6 5.6
21 170 20 300 3.1 3.5 3.8 3.7 4.1 5.5 5.7
22 170 30 300 2.9 3.2 3.5 3.7 3.9 5.1 5.4
23 170 40 300 2.8 3.1 3.5 3.6 3.9 4.9 5.4
24 170 60 300 2.7 3.1 3.3 3.4 3.6 4.9 5.4
25 170 20 600 3.0 3.3 3.5 3.5 3.7 4.2 5.6
26 170 30 600 2.2 25 3.1 3.2 3.4 3.9 5.1
27 170 40 600 1.6 1.9 2.8 2.8 3 3.8 4.9
28 170 60 600 1.2 1.5 2.6 2.7 2.7 4.1 4.9
29 170 20 900 2.9 3.2 3.1 3.1 3.3 4.5 5.3
30 170 30 900 2.1 24 3 2.9 3.1 4.1 5.3
31 170 40 900 1.6 1.9 2.5 2.4 2.6 3.7 5.1
32 170 60 900 1.6 1.9 2.6 24 2.6 3.5 4.6
33 170 20 1200 2.5 3 2.8 3.0 3.2 3.7 4.9
34 170 30 1200 15 1.8 2.6 2.7 2.9 3.4 4.7
35 170 40 1200 1.3 1.8 2.6 2.2 2.4 2.9 4.1
36 170 60 1200 1.2 15 24 2.1 2.4 2.9 3.9
37 170 20 1500 2.8 3.1 3.3 2.6 2.8 3.3 5.1
38 170 30 1500 1.8 2.1 3 3.0 3.1 3.6 4.8
39 170 40 1500 1.3 1.6 2.6 25 2.5 3.0 4.5
40 170 60 1500 0.9 1.2 2.1 2.4 2.6 3.1 4.4
41 180 20 300 2.7 3 3.4 3.4 3.6 4.1 4.7
42 180 30 300 2.4 2.7 3.2 3.1 3.3 3.8 4.6
43 180 40 300 2.0 2.3 3.2 3.3 3.2 3.7 3.9
44 180 60 300 1.9 2.2 3.1 2.8 2.9 3.4 4.1
45 180 20 600 3.0 3.2 3.1 3.0 3.1 3.6 4.5
46 180 30 600 2.1 2.4 2.6 3.0 2.7 3.7 3.8
47 180 40 600 0.8 11 2.3 24 2.6 3.1 3.6
48 180 60 600 0.7 1 2.1 25 2.6 3.1 3.7
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49 180 20 900 2.6 2.9 3 3.0 3.2 3.7 45
50 180 30 900 1.6 1.9 1.9 2.7 2.9 3.4 4.2
51 180 40 900 0.8 1.1 15 2.3 2.5 3.0 4.2
52 180 60 900 0.6 0.8 15 2.3 2.4 2.9 3.8
53 180 20 1200 2.6 2.9 2.9 2.9 3 35 4.1
54 180 30 1200 0.8 1.2 2.1 2.4 2.8 33 3.9
55 180 40 1200 0.8 1 1.6 2.4 2.5 3.0 3.9
56 180 60 1200 0.7 0.9 1.6 2.0 2.1 2.6 36
57 180 20 1500 2.8 3.1 2.8 2.5 2.8 33 4.8
58 180 30 1500 1.7 2 1.7 2.5 2.7 3.2 3.6
59 180 40 1500 1.0 1.3 1.5 1.9 2.3 2.8 36
60 180 60 1500 0.9 1.1 1.6 2.1 2.2 2.7 3.8
61 190 20 300 2.6 2.9 3.3 3.0 3.2 3.7 4.1
62 190 30 300 1.8 2.2 3.2 3.1 3.2 3.7 4.1
63 190 40 300 1.2 15 3.1 3.0 3 35 4.2
64 190 60 300 1.1 1.4 3 2.9 3.1 3.6 3.8
65 190 20 600 2.5 2.8 2.9 2.8 2.9 3.4 4.2
66 190 30 600 1.4 1.7 2.2 2.6 2.8 3.3 3.7
67 190 40 600 1.3 1.6 1.9 2.3 2.5 3.0 3.6
68 190 60 600 0.8 1.1 1.7 2.4 2.5 3.0 36
69 190 20 900 2.3 2.7 2.8 2.9 3.1 3.6 3.7
70 190 30 900 1.2 15 2.5 2.7 2.9 3.4 35
71 190 40 900 0.7 1.1 2.1 2.4 2.6 3.1 3.4
72 190 60 900 0.5 0.8 2.1 2.5 2.6 3.1 3.4
73 190 20 1200 2.5 2.8 3 2.7 2.9 3.4 35
74 190 30 1200 2.2 25 2.6 2.6 2.8 33 35
75 190 40 1200 1.3 1.6 1.8 2.5 2.6 3.1 3.2
76 190 60 1200 0.6 0.9 1.9 2.3 2.5 3.0 3.2
77 190 20 1500 2.4 2.7 2.7 2.6 2.8 33 3.4
78 190 30 1500 15 1.9 2.5 2.5 2.7 3.2 3.1
79 190 40 1500 1.0 1.3 2.5 2.3 2.5 3.0 3
80 190 60 1500 0.7 0.7 1.6 2.0 2.2 2.7 3.1
Table 3.3 Storage stability values for SBS modification
S.No. | Temperature | Mixing time Shear_lRate Storage Stability (AT), °C

(°C) (minutes) (s%) 1% 2% 3% 4% 5%

1 160 20 300 3.6 4.1 4.2 45 5.7
2 160 30 300 3.6 38 4.2 45 5.5
3 160 40 300 35 3.9 4.1 4.4 5.6
4 160 60 300 35 3.9 4.2 45 5.5
5 160 20 600 3.6 4 4.1 4.4 5.6
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6 160 30 600 3.5 4.1 4.1 4.3 53
7 160 40 600 3.5 3.8 4 4.4 5.3
8 160 60 600 3.4 3.8 4 4.3 5.2
9 160 20 900 3.5 3.9 4.2 4.4 5.5
10 160 30 900 3.4 3.8 4.1 4.3 5.5
11 160 40 900 3.5 3.8 4.1 4.3 5.2
12 160 60 900 3.3 3.9 4 41 5.1
13 160 20 1200 3.4 3.8 4.2 4.2 5.5
14 160 30 1200 3.2 3.7 4.1 4.3 5.2
15 160 40 1200 3.2 3.8 4.2 4.3 5.3
16 160 60 1200 3.3 3.8 4 4.2 5.2
17 160 20 1500 3.3 3.9 4.1 4.1 5.3
18 160 30 1500 3.2 3.7 4.1 4 5.2
19 160 40 1500 3.3 3.7 3.9 4.2 5.2
20 160 60 1500 3.2 3.8 4 4 5.1
21 170 20 300 3.5 4.1 4.1 4.4 5.6
22 170 30 300 3.6 4 4 4.3 5.5
23 170 40 300 3.5 4.1 3.9 4.3 5.3
24 170 60 300 3.4 4 3.9 4.1 5.3
25 170 20 600 3.3 4 4.2 4.3 5.5
26 170 30 600 3.2 3.9 4.1 4.2 5.4
27 170 40 600 3.2 3.9 3.9 4.2 5.4
28 170 60 600 3.1 3.8 4 4.1 5.3
29 170 20 900 3.2 3.8 4.1 4.1 5.4
30 170 30 900 3.1 3.7 3.9 4.2 5.3
31 170 40 900 3 3.7 3.8 4 5.2
32 170 60 900 2.8 3.5 3.8 4 5.2
33 170 20 1200 3.1 3.5 3.9 4.3 5.4
34 170 30 1200 2.9 3.3 3.9 3.9 5.1
35 170 40 1200 2.7 3.1 3.8 4 5.2
36 170 60 1200 2.8 2.9 3.7 3.9 5.2
37 170 20 1500 3 2.9 3.8 4.2 5.4
38 170 30 1500 2.5 3 3.7 41 5.3
39 170 40 1500 2.3 2.7 3.7 3.9 52
40 170 60 1500 1.3 2.7 3.7 3.8 51
41 180 20 300 3.5 3.4 3.6 4.3 55
42 180 30 300 3.5 3.5 3.5 4.3 54
43 180 40 300 3.4 3.4 3.4 4.1 54
44 180 60 300 3.4 3.3 3.4 4.1 53
45 180 20 600 3.2 3.5 3.4 4.2 54
46 180 30 600 3.1 3.4 3.3 4.1 53
47 180 40 600 3.1 3.4 3.4 4.2 54
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48 180 60 600 3 3.2 3.3 4 5.1
49 180 20 900 2.9 3.2 3.2 3.8 5.1
50 180 30 900 2.9 3.1 3.1 3.7 4.9
51 180 40 900 2.7 2.9 3.7 4.7
52 180 60 900 2.6 2.8 3.6 4.8
53 180 20 1200 2.9 2.7 2.9 3.7 5
54 180 30 1200 2.7 2.6 2.8 3.5 4.8
55 180 40 1200 24 2.3 2.6 3.6 4.8
56 180 60 1200 1.2 1.7 2.6 3.4 4.6
57 180 20 1500 2.8 2.5 2.6 3.5 4.7
58 180 30 1500 24 2.6 2.5 3.5 4.5
59 180 40 1500 2.1 1.8 2.2 3.3 4.5
60 180 60 1500 0.8 15 1.9 3.4 4.3
61 190 20 300 3.3 3.3 3.5 4.1 5.3
62 190 30 300 3.1 3.4 3.3 4 5.3
63 190 40 300 3 3.3 3.3 4.1 5.3
64 190 60 300 3 3.3 3.2 4.2 5.4
65 190 20 600 3.2 3.4 3.3 4 5.2
66 190 30 600 3.1 3.4 3.1 3.9 5.1
67 190 40 600 2.9 3.3 3.2 3.8 5
68 190 60 600 2.8 3.2 3.1 3.8 4.9
69 190 20 900 3 3.1 3.7 4.9
70 190 30 900 2.7 3.6 4.8
71 190 40 900 2.6 2.9 35 4.7
72 190 60 900 2.6 2.6 2.7 35 4.6
73 190 20 1200 2.8 2.7 2.8 35 4.6
74 190 30 1200 25 2.5 2.8 35 4.7
75 190 40 1200 2.1 2.1 2.6 3.4 4.6
76 190 60 1200 0.7 1.5 2.4 3.4 4.5
77 190 20 1500 2.7 2.4 2.8 3.4 4.6
78 190 30 1500 2.2 2.4 2.3 3.3 4.1
79 190 40 1500 15 15 2 3.3 4.1
80 190 60 1500 0.7 1.2 1.7 3.2 3.9
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Variation of SS with mixing temperature, 1%

Variation of SS with blending time, 1% EVA
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Variation of SS with mixing temperature, 3%

Variation of SS with blending time, 3% EVA
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Variation of SS with mixing temperature, 5%

Variation of SS with blending time, 5% EVA
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Figure 3.1(a-u) Variation of storage stability values with different blending parameters
for EVA.
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Variation of SS with mixing temperature Variation of SS with blending time , 5% SBS
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Figure 3.2(a-0) Variation of storage stability values with different blending parameters
for SBS.

It is clear from the discussion above that an optimum combination of all the three
blending parameter is desired to obtain a storage stable modified binder. Non-linear
regression technique using SOLVER function in MS Excel was used to establish the
correlation between SS and all the three parameters used. The following linear relationship

was assumed between the dependent and independent variables.
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SS =k +a,.MixingTemperature +b,.Blending Time+c,.Shear Rate (0.2)
Where, k= Constant;
a1, b1 and c1 = coefficients of the equation.

Table 3.4 and Table 3.5 depict the values of the constant and the coefficients obtained
for both the polymer modifiers. As was discussed above, that irrespective of any blending
combinations the storage stability values was not lower than 3 °C for modification level
higher than 5% in case of EVA and 3% in case of SBS. Hence the calculations were not

made for those higher percentage levels.

Equation 3.1 was used to find the optimum blending requirement for each percent of
modifier used and a constraint was set such that the SS value should be less than 3. The
respective values can be seen in Table 3.6 and 3.7. Examining the values for each percent
modification a common blending requirement was set, irrespective of the percent modifier
used. SBS was incorporated in the base binder at a temperature of 180 °C using a high shear
mixture operated at 1500 rpm for 60 minutes. The corresponding temperature, shear rate and
time for EVA were 190 °C, 600 rpm and 30 minutes.

Table 3.4 Coefficients obtained using Solver function of EVA modification

Percent k a1 b1 C1
modifier (%)
1 13.246 0.055 0.033 0.000
2 13.873 0.056 0.035 0.000
3 15.972 0.066 0.019 0.001
4 15.794 0.065 0.013 0.001
5 16.045 0.066 0.014 0.001
Table 3.5 Coefficients obtained using Solver function of SBS modification
Percent modifier K ar by o
(%)
1 9.347 0.029 0.016 0.001
2 10.083 0.001 0.009 0.001
3 12.336 0.046 0.007 0.001
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Table 3.6 Values of the optimum blending parameters for EVA modification

Percent modifier Mixing Blending Time Shear Rate

Temperature . 1

(%) (°C) (minutes) (s

1 170 20 600

2 175 20 600

3 180 25 600

4 185 30 600

5 190 30 600

Table 3.7 Values of the optimum blending parameters for SBS modification

Percent modifier Mixing Blending Time Shear Rate
Temperature . 1
(%) °C) (minutes) (s
1 170 40 1200
2 180 40 1200
3 180 60 1500

3.4 Optimum Modifier Content

Once the blending requirement was set, PMB’s at different percent of modifier were
produced maintaining the obtained values of mixing parameters. Next, the objective was to
obtain the optimum modifier content for producing a homogenous mix which would be stable
at high temperatures. Storage stability test and Fluorescence microscopy was used to achieve
the second objective. Conventional test like penetration and softening point were also carried

out to see the effect of modification on the consistency of bitumen.

The results obtained from penetration and softening point test were used to determine
the temperature susceptibility of the base and modified binders. It provides a mean to assess
the change in behavior of material response at varying temperature conditions. It is defined
as the change in consistency parameter as a function of temperature. A classical approach as
given in Shell Bitumen Handbook [83]was used to calculate the value of Penetration index

(P1).
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1952 — 500 log ( Pen,- ) — 20 x SP
Pl = 25 (0.2)
50 log ( Pen,; ) — SP —120

Where, Pen,: is the penetration at 25°C and SP is the softening point temperature of the
PMB. The value of PI ranges from -3 for highly temperature susceptible bitumen’s to +7 for
low temperature susceptible and highly blown bitumen[83]

3.4.1 Change in conventional properties

The effect of polymer modification on VG 10 can be seen from Table 3.8 and Table
3.9 as a decrease in penetration and increase in softening point. Figure 3.3 (a,b) and Figure
3.4 (a,b) show the variation of penetration and softening point as a function of modifier
percentage for both EVA and SBS. From Figure below it can be seen that there is a sudden
decrease in penetration after 2 % modification in case of EVA and 1% modification for SBS.
This may be considered as the threshold percentage after which polymer network start
dominating the bitumen-polymer system. Decrease in penetration and increase in softening
point indicate increased stiffness and hardness of the binder after modification. In addition
to this there is an increase in PI values as the percentage of modifier increases, indicating

reduction in temperature susceptibility due to polymer modification.
3.4.2 Storage stability values

Storage stability is a measure of homogeneity at high temperatures. From Table 3.8
it can be seen that in case of EVA, after 5% modification the difference in ring and ball
softening point for the top and bottom samples in separation test exceeds 3°C indicating
phase separation. This may be due to the absence of adequate amount of maltene fraction to
satisfy the demand of asphaltene and polymer solubility after EVA percentage exceeds this
value. Similar result is found for SBS after 3% modifier content (see Table 3.9). At low
polymer content there is practically no phase separation, hence it can be viewed as a bitumen
(asphaltene) rich phase with polymer being dispersed thoroughly. So for EVA modified
binder, 5% can be considered as the optimum percentage for modification of VG 10

considered in the study. Similarly for SBS the optimum modifier content is found to be 3%.
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Figure 3.3 (a,b) Change in penetration and softening point with increase in modifier
content for EVA
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Figure 3.4 (a,b) Change in penetration and softening point with increase in modifier
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Table 3.8 Variation of physical properties due to EVA modification

Modification of Asphalt Binder

. Percentage of EVA
Properties Standard 0 1 > 3 4 5 5 7
Penetration ASTM D5 75 73 70 54 51 49 46 45
Softening point Aggg" 48 50 | 53 | 56 | 61 | 65 | 67 | 68
Specific Gravity AS;-(I)VI 1.01 1.01 1.01 1 1 1 0.99 0.99
Penetration Index -0.73 -0.26 0.38 0.38 1.27 1.92 211 2.23
Storage Stability | IRC SP53
(AT) 2010 0 0.2 0.7 0.9 1.7 2.2 3.3 5.2
Table 3.9 Variation of physical properties due to SBS modification
. Percentage of SBS
Properties Standard
0 1 2 3 4 5
Penetration ASTM D5 75 72 71 56 54 50
Softening point ASTM D36 48 54 56 60 63 66
Specific Gravity ASTM D70 1.01 1.01 1 0.99 1 0.99
Penetration Index -0.73 0.70 1.12 1.32 1.81 2.15
Storage Stability IRC SP53
(AT) 2010 0 11 1.7 2.3 3.2 49

3.4.3 Fluorescence microscopy

Morphology of the polymer modified binders were studied using Fluorescence
Microscopy (FM). The nature and quality of dispersion of the modifier in the bitumen was
assessed using this technique. It is based on the principle that polymers swell due to
absorption of some of the light fractions of bitumen (mainly maltene fraction) and hence
fluoresce in ultraviolet (UV) light. This fluorescence is due to the aromatic oils absorbed by
the polymer. It is by far one of the most valuable methods to study the phase morphology of
modified bitumen and assessing the homogeneity and the structure in raw state. The sample
preparation method involves diluting the bitumen and preparing it over glass slide so that the
beam could pass through the sample. The samples were examined using a Nikon Eclipse LV
100 microscope using appropriate magnification. High pressure Xenon lamp was used for
excitation and the wavelength was maintained between 510-560 nm. The Fluorescence

Microscope used in the study is shown in Figure 3.5 (a,b).
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From Figures 3.6 (a-h) and 3.7 (a-e), it can be seen that the morphology of the
bitumen changes as the polymer content increases. At 0% modification level there is no
fluorescence effect and the image appears to be single dark. Till 3% EVA it can be seen that
the modification produces a bitumen rich phase (with the darker side dominating) with
polymer being dispersed in it. 5% EVA produces an interlocked phase which is considered
to be the most desirable morphology for modification. Higher percentages clearly
demonstrates a polymer rich phase with large amount of fluorescence effect caused by the
swelled polymer. This supports the result obtained in the separation test where 5% EVA
content was found to be optimum for modification. In case of SBS it can be seen that till 2%
modification the bitumen phase dominates till 2% modification level. At 3% the polymer
phase (shown in white) dominates and is dispersed uniformly. At higher percentages the
polymer fraction becomes coarser indicating a phase separated mix. Hence 3% SBS is best
suited for obtaining a homogenous blend. Fluorescence microscopy also acts as a validation
of storage stability result. It should be mentioned that the optimum modifier content obtained
are with respect to the base binder, VG 10. The result are subjected to changes if the base

binder is changed.

Figure 3.5 (a,b) Fluorescence Microscope used in the study.

98



Modification of Asphalt Binder

99




Modification of Asphalt Binder

g h
Figure 3.6(a-h) Fluorescence microscopy results for EVA at modifier content of (a) 0%,
(b) 1%, (c) 2%, (d) 3%, (e) 4%, (f) 5%, (g) 6%, (h) 7%
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Figure 3.7(a-e) Fluorescence microscopy results for SBS at modifier content of (a) 1%,

(b) 2%, (c) 3%, (d) 4%, (€) 5%

3.5 Conclusions

From the test and analysis done for the modification of asphalt binder, the following

conclusions were drawn.

1.

It is important to obtain the proper blending requirement for modifying bitumen with
any additive. The importance of different blending parameters depends on the type
of modifier used. It was found that for EVA modification temperature plays the most
crucial role while for SBS the effect of shear rate is crucial.

Nonlinear regression technique was employed to find the optimum blending
requirements for EVA and SBS modified bitumen. From the analysis it was found
that SBS could be incorporated in the base binder at a temperature of 180 °C using a
high shear mixture operated at 1500 rpm for 60 minutes. The corresponding
temperature, shear rate and time for EVA were 190 °C, 600 rpm and 30 minutes.
There was a decrease in penetration and increase in softening point with increase in
modifier content for both SBS and EVA modified binder. Storage stability test
showed that optimum modifier content for EVA is 5% while for SBS is 3%. This
result was also validated by the study of morphology using Fluorescence microscopy.
An interlocked bitumen-polymer phase is the most desirable for obtaining a

homogenous blend.
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Chapter 4
Mixing and Compaction Temperature for Asphalt Binders

4.1 Introduction

Modification of bitumen is one of the several techniques to improve the structural
performance of bituminous mix [6, 28, 80, 100]. Polymer modified binders have been
successfully used to ameliorate the viscoelastic response of bitumen, especially at higher
temperatures [6, 65, 150]. When it comes to applicability, contractors and practitioners
remain skeptical, mostly due to the high mixing and compaction temperature requirements
for these binders. Increase in cost is another main concern. Traditionally, Rotational
Viscometer is used for evaluating the mixing and compaction temperature of bitumen. The
viscometer applies 6.8 s (20 rpm) shear rate and the resulting torque is utilized to calculate
the viscosity of the binder at different temperatures. The log-log plot of viscosity versus
temperature is used to find the temperatures corresponding to 0.17+0.02 Pa.s and 0.28+0.03

Pa.s. These temperatures are used for mixing and compaction of bituminous mix.

NCHRP report 648 [183] presented new methods for evaluating the mixing and
compaction temperatures for modified binders, which resulted in reduction of temperature
requirement by 20-30 °C, as compared to the conventional method. In the first method named
as “Phase Angle Method”, the mixing and compaction temperature are established by
construction of phase angle master curve at 80 °C. Phase angle is more sensitive to chemical
changes, as found in modified binders [6]. So it is rather difficult to construct a smooth master
curve for phase angle, which results in a “wavy nature” (attributable to the transition and
plateau regions) [6, 28, 100, 141, 150, 184]. Further in the method, the frequency
corresponding to 86° phase angle is noted down and is used in an empirical equation to
evaluate the mixing and compaction temperature of the binder. The use of frequency
corresponding to this phase angle seems to have no practical significance. In the second
method named as “Steady Shear Viscosity Method”, Dynamic Shear Rheometer (DSR) is
employed for finding the viscosity at 500 Pa shear stress at different temperatures. These

viscosities values are plotted against temperature. Extrapolation of the viscosity data is made
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for predicting the mixing and compaction temperature corresponding to a standard viscosity
range similar to that of equiviscous method. The extrapolation of viscosity by using a straight
line is questionable as the rheology of modified binder has high dependence on the molecular
structure, which in turn is temperature sensitive [28, 63, 141, 150, 182].

The literature behind the new methods for finding out mixing and compaction
temperatures for modified binder lies behind the concept that modified binders behave as a
shear thinning fluid at higher shear rates which is practical in field conditions[42, 98, 159,
165, 177, 192]. Shear thinning behavior of any fluid is defined as the decrease in viscosity
with increase in shear rate. But the concept of shear thinning and the reduction in viscosity
could be applicable only when there is higher role of shear rate, typically found in mixing.
But compaction (as in Marshall Compactor or field roller), has very little dependence on
shear rate. Rather it is the normal force and energy which has higher dominance. So reduction
in compaction temperature with these literature background of shear thinning behavior is
again not valid. The literature mentions that, for batch and continuous mixing plants, the
shear rate applied at the time of mixing are typically of the order of 6x10* to 1x10° s [183].
If the role of shear rate is considered, then the viscosity at such higher shear rate will be even
lower than predicted and hence even lower mixing temperatures can be suggested. But the
same is not true for compaction temperature as there is no primary role of shear rate. A
plethora of studies [14, 24, 77, 162, 183] have been done, where the change in density and
strength of bituminous mixes have been evaluated by varying the compaction temperature,
but no explicit study has been done by varying mixing temperatures. The main objective of
the study is to evaluate the flow behavior of various binders at different shear rate and
temperatures, and to establish a more practical way of finding the mixing temperatures for

these binders.
4.2 Experimental Investigation

Steady shear viscosity was evaluated for all the binders using Dynamic Shear
Rheometer (DSR). Testing was done at a shear rate of 0-100 s™* for a temperature range of
40-80 °C. 25mm spindle geometry was used with 500 pm gap. The temperature of the
assembly was set to 80 °C and was gradually reduced at an interval of 10 °C. 30 minutes

conditioning time at each temperature was given before starting the test. High temperature
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viscosity was measured using Brookfield viscometer (AASHTO 2013) using spindle no. 21

at 20 rpm standard rotational speed. Measurements were taken at 135 °C and 165 °C.

4.3 Results and Analysis

The viscosity versus shear rate behavior for all the binders have been studied at
different temperatures. The Carreau-Yasuda (C-Y) is further used to model the viscosity
master curve plotted using the concept of rheogram. Finally, the zero shear viscosity (ZSV)
measured in the steady shear test is best fitted to a suitable model. A new technique has been
proposed to evaluate the viscosity at any desired shear rate, which in turn can be used to

predict the mixing temperature of bitumen.
4.3.1Viscosity versus shear rate

To study the influence of shear rate, steady shear viscosity test was carried out using
DSR. In the oscillation mode, frequency sweep is usually done for a strain level which is
well below the linear viscoelastic (LVE) range of the binder. But in the steady shear rate
method no such control is monitored and the binder undergoes deformation until failure. So
the data prior to failure should only be used for comparison with that in the oscillatory mode.
The deviation from linearity in the stress versus shear rate graph is an indication of the failure
of the specimen. Moreover, the same sample can be used in oscillation test for obtaining data
at different temperatures. But in steady state mode, a single run on the sample damages it
and hence the sample should be changed for the next test temperature, or else the viscosity
value obtained using the same sample in the next successive temperature will be lower than
the true viscosity, obtainable with the changed binder. The unmodified and modified binders
were subjected to steady shear viscosity test at five different temperatures. Figure 4.1(a-d)
shows the variation of viscosity of different binders with shear rate at different temperatures.
Due to delamination of the binder with the spindle at 80 °C, only readings up to 70 °C are
shown for VG 10. It can be seen that normal binders (VG 10 and VG 30) behaves closely as
Newtonian fluids at temperature above 50 °C. It was observed that even at higher
temperatures there was some evidence of shear thinning behavior for very high shear rates.
For VG 10 and VG 30 there was a sharp decrease in viscosity with increase in shear rate at

40 °C. However the critical shear rate at which the change in behavior started was different
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for both the binders. This sharp decrease is due to the sudden loosening of molecular
networks. At this temperature, due to the higher stiffness, the binder behaves as a shear
thinning fluid. After 50 °C, this shear thinning effect gradually reduces with smooth
transitions with increase in shear rates, attributed to the dominance of Newtonian behavior.
Modified binders, on the contrary, displayed shear thinning behavior at all temperatures. This
characteristic was more dominant for plastomeric EVA polymer modified binder (PMB). For
PMB (E), after 50 °C, a sharp decrease in viscosity beyond the critical shear rate was
observed. This can be attributed to the melt of EVA crystallites at higher temperature,
making bitumen phase more dominant as compared to the polymer phase. This argument is
based on the work done by Airey [6] on polymer modified binders. A study on the change
of molecular level of different binders at different temperatures will through more light on
approving such behaviors. This study however deals only with the physical characteristics
of binder. The onset of shear thinning behavior for modified binders occurred at lower shear
rates (critical shear rate) as compared to normal binders, especially at higher temperatures.
Asphaltenes are mainly responsible for the non-Newtonian behavior of the bitumen, whereas
maltene governs the Newtonian flow [159]. The increase in non-Newtonian behavior of PMB
may be attributed to the decrease in effective maltene fraction which are used by polymers
for dispersion. The aspect to be noted is that, for all binders the critical shear rate were higher
than 6.8 s? (shear rate used in Brookfield viscometer), and it increased at higher
temperatures. This viscosity hence, is the zero shear viscosity (ZSV), also considered as low
shear Newtonian viscosity. Two things have to be understood here. First, 6.8 s is not the
practical shear rate the binder experiences at the time of mixing an asphalt concrete.
Secondly, it is due to this fact that higher mixing temperatures are obtained for modified

binders, displaying high shear thinning behavior.
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Figure 4.1 (a-d) Viscosity versus Shear Rate at different temperatures

4.3.2 Construction and modelling of rheogram

Shenoy [159] proposed a method of unifying the viscosity versus shear rate data at
various temperatures for a number of asphalt grades. He presented the concept of Rheogram,

through construction of master curve, which is independent of temperature and asphalt grade.

The master curve is a plot of 7/7, versus?, 7, where  and 7], are the corresponding

viscosity and zero shear viscosity of the polymer. Melt flow index (MFI) has also been used
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in place of 77, for such construction. Thus by knowing the ZSV at different temperatures 7
can be evaluated for any desired shear rate.

Shear rate dependency of non-Newtonian (shear thinning) fluid can be evaluated
using various models [33, 42, 57]. Carreau Yasuda (C-Y) model [33], however has been

found to be successfully applicable to polymers such as bitumen [29, 64]. The model can be

mathematically written as

77 _77 N2 (n-1)/a
170 _[14(27) (4.1)
770 _7730 |: :|

Where 7 is the viscosity of the fluid, 77, and 7], are the zero and infinite shear viscosity, y Is

the shear rate, A ,n and a are the shape parameters. 1/ A is the critical shear rate at which

the viscosity starts to decrease.

Considering 7/, as the desired viscosity, 77y and 7, 7 as the desired shear rate, 74

, the combination of equation (4.1) and the concept of Rheogram would yield,

. ya J(n-1/a
My =g + (1o —mod)[1+ (44-74) ] (4.2)

Keeping all the parameters of (4.1) same, the above equation has been reconstructed to be

applicable for the master curve.

Figure 4.2 (a-d) shows the fit of C-Y model to the master curve for all the binders. It
can be seen that the concept of Rheogram stands true for the binders considered, although
little deviation for PMB (E) could be seen. This is indicative of the change in polymer
structure within the bitumen-polymer system with change in temperature. Using such plot
the critical shear rate for any binder at any temperature could be easily appraised, provided

ZSV at that temperature is acquired.
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Figure 4.2(a-d) C-Y model fit with the master curves for different binders.

Table 4.1 shows the value of the C-Y parameters obtained for all the binders. The

parameter of interest is the desired critical shear rate (1/44). It can be seen that the critical

shear rate decreases as we move from normal to modified binders. The practicality of this
value could be appreciated for calculation of the minimum shear rate, which should be
applied to the binder for onset of non-Newtonian flow. This is done by substituting the

following in equation(4.2).

Ma=nmy  Ty=0,7 (4.3)

So the desired critical shear rate (1/44) will be substituted by 77, . 7 ¢, Where y¢represents the

critical shear rate.
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Table 4.1 C-Y Model Parameters for Different Binders

Carreau-Yasuda Model Parameters
Binder Md Nod Nood 1/hd
(s) " (Pass) | (Pa.s) ? (sh
VG 10 0.0005 0.5 1 0 4 2000
VG 30 0.0006 0.4 1 0 3 1666.667
PMB (S) 0.001 0.7 1 0 1 1000
PMB € 0.003 0.65 1 0 0.7 333.3333

The most paramount use of such plot and the corresponding equation can be justified

as follows. In equation (4.2) considering 77,4 and 7],,4 to be 1 and O, the equation can be

rewritten as

(n-1)/a

T4 =[1+(/1d Ve )a} (4.4)

(n-1)/a

7 =115 [ 1+ (Ag-7775)" | (4.5)

Substituting 44, n and a in the above equations, which depends on the property of binder,

viscosity parallel to any ZSV could be assessed. In other words it could be said that by
knowing ZSV at any temperature, the viscosity of the binder can be easily forecasted. In turn
these viscosities can then be used to determine the mixing temperatures corresponding to any

chosen shear rate for different asphalt binders.
4.3.3 Modeling zero shear viscosity (ZSV)

Brookfield viscometer [3] was used to measure the viscosities at the two mentioned
temperatures. Traditionally, the Brookfield viscometer for bitumen is used mainly for
determination of mixing and compaction temperature of bituminous mixes. The test is carried
out at 20 rpm (6.8 s%) using a spindle geometry such that the torque percentage remains in
the range of 5-100%. A similar procedure was adopted in the study. The values of the

viscosities obtained for all the binders are shown in Table 4.2 below, with the corresponding
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mixing and compaction temperatures in Table 4.3. The mixing and compaction temperatures
were obtained by plotting the viscosity values in the log-log scale whereas the temperature
on the log scale and assuming a straight line relationship. India follows the equiviscous
concept, in which the mixing and compaction temperatures are defined corresponding to the
viscosities of 0.17 = 0.02 and 0.28 £+ 0.03 Pa.s. As can be seen in the Table 4.3, the mixing
and compaction temperatures for modified bitumen are considerably higher as compared to

the conventional binders.

The use of the viscosity values from the Brookfield viscometer for predicting the
mixing and compaction temperatures has been long debated owing to the shear thinning
behavior, typical for modified bitumen. The actual value of shear rate at the mixing plant is
of higher order [183], which might have high influence on the viscosity values. Numerous
study has been done to evaluate the ZSV of asphalt binders [103, 116, 128, 143, 169, 202].
Out of various models used, exponential model of Arrhenius type has shown good correlation
for polymers. The viscosity versus shear rate at each temperature was modelled using
Carreau-Yasuda equation and the value of ZSV was obtained. It was found that the variation
of ZSV with temperature follows exponential law behavior for all the binders. The

corresponding equation can be written in the following form
ZSV = AefBT (4.6)

Where, ZSV stands for zero shear viscosity while T is the shear rate. A and B are model
constants and are binder specific. Figure 4.3 (a-d) shows the model fit obtained for all the
four binders. This model was also used to predict the viscosities at 135° C and 165°C. A
comparison of the viscosity values so obtained was made with the corresponding values
obtained earlier. The exponential law gave excellent fit for all the binders. It was found that
the predicted viscosities were in good agreement to the modeled viscosity as can be seen in
figure below. This finding led to the conclusion that the viscosity values obtained using the
Brookfield viscometer are corresponding to the shear rate which remains below the critical
shear rate, and is a representation of the ZSV. 6.8 st is a very low shear rate for representing

the true viscosity at the time of mixing.
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The ZSV calculated using equation (4.6) was used as an input to equation (4.5) to
predict the viscosity at higher temperatures and different shear rates. This was finally used

to judge the mixing temperature for different binders.

Table 4.2 Result of Brookfield viscometer test

Brookfield Viscosity (Pa.s)
Temperature
VG 10 VG 30 PMB (S) | PMB (E)
135 6.5E-01 | 7.7E-01 9.9E-01 1.7E+00
165 1.1E-01 1.5E-01 2.9E-01 5.7E-01

Table 4.3 Mixing and compaction temperatures for different binders

Binder Mixing Temperature, °C | Compaction Temperature, °C
VG 10 154 145
VG 30 160 150
PMB (S) 170 160
PMB (E) 190 178
ZSV fit, VG 10 ZSV fit, VG 30
10000
1000 10000
2 < 1000
Q. 100 Q100 2=
= . R? = 0,985 = R2=0.9831
£ £ 10
1
q ! 7 o
N 01 N 7
0.01
0.01 0 50 100 150 200
0 50 100 150 200 R
Temperature, °C Temperature, C
a b

112



Mixing and Compaction Temperature for Asphalt Binders

ZSV fit, PMB (S) ZSV fit, PMB (E)
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Figure 4.3 (a-d) Exponential fit for Zero Shear Viscosity (ZSV).

4.3.4 Comparison with the traditional method

In order to present an explicit description of the effect of shear rate on mixing
temperature, calculations were done using the concept of Rheogram and exponential model,
as described earlier, to evaluate the viscosities at three different temperatures (100, 130 and
160°C) and three different shear rates (1000, 10000 and 100000s). These shear rates are
good approximation of those used from laboratory to mixing plant. Further, plots were made
to predict the mixing temperature corresponding to viscosity of 0.17 Pa.s. Figure 4.4 (a-C)
and Table 4.4 presents the mixing temperature corresponding to different shear rates. It can
be seen that modified binders are more sensitive to shear rate than the conventional binders.
This indicates higher degree of non-Newtonian behavior in polymer modified bitumen.
Among the modified binders, PMB (S) shows lesser sensitivity as compared to PMB (E).
This can be attributed to the formation of tough three dimensional network in PMB (E) which

makes it stiffer as compared to SBS PMB, increasing its shear thinning behavior.
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Figure 4.4 (a-c) Mixing temperatures corresponding to 0.17 Pa.s for different bitumen at

different shear rates

Table 4.4 Mixing and compaction temperatures at different shear rates and temperatures

Shear rate.s’ Mixing temperatures for different binders, °C
' VG 10 VG 30 PMB (S) PMB (E)

1000 152 154 160 165

10000 144 149 156 156

100000 108 126 148 144
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The mixing temperatures for modified binder were found to be higher than normal
binders considering all binders to a certain degree behaves as a non-Newtonian fluid. The
Brookfield viscometer predicts very high mixing temperatures, as the effect of practical shear
rate is compounded. Increase in shear rate yielded much lower mixing temperatures, even
for modified binders. This would in turn lead to higher energy savings and also would reduce
the potential degradation of binders subjected to such high temperatures. The fact has to be
appreciated that, laboratory mixing temperatures may be higher than those for field
application. Compaction temperatures on the other hand will be higher for modified binders
due to diminishing role of shear rate. Obviously, a field and laboratory check of the work is

required in order to gain more confidence on such evaluations.
4.4 Conclusions

Four binders including two normal and two polymer modified were used in the study.
The steady shear flow behavior for these binders were measured using DSR and Brookfield
viscometer for a wide range of temperature and shear rate. The applicability of the use of
Rheogram was studied. C-Y and exponential model were used to predict different flow
properties for the binders. Using these techniques it was attempted to calculate the mixing
temperatures of bitumen for different shear rates.

Based on the experimental results and analysis, the following conclusions can be drawn

- Polymer modified binders are more shear thinning as compared to normal binders as
shown by the viscosity-shear rate plot at different temperatures. At higher
temperatures, normal binders also show tendency of shear thinning, but at very high
shear rates. The critical shear rate for modified binders are lower than the normal
binders for all range of temperatures. This behavior could be attributed to the
lowering of effective maltene fraction which are used for swelling of polymers.

- The concept of Rheogram for plotting master curve of viscosity versus shear rate is
applicable to all the binders, with little deviation observed for PMB (E). C-Y model
fits well with the master curve of all the binders.

- Steady shear viscosity measurement using DSR and Brookfield viscometer are found
to be in good agreement with each other. Variation in ZSV with temperature can be

described well with the exponential law model.
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- Mixing temperature for modified binder are found to be lower for practical shear rates
varying from laboratory to field. The mixing temperature requirements decreases

with increase in shear rate.
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Chapter 5

Rheological Characterization of Asphalt Binders

5.1 Introduction

Bitumen is the only component in the pavement showing thermo-mechanical
behavior. It is characterized typically as a viscoelastic material whose properties are
dependent on both time (rate of loading) and temperature. At high temperature bitumen
behaves as a Newtonian fluid while at lower temperatures it displays characteristics of an
elastic solid. In between these two extreme behaviors it exhibits viscoelastic response [9, 58,
108, 145].

Bitumen is a complex hydrocarbon which is traditionally regarded as a colloidal
system consisting of high molecular weight asphaltenes dispersed in a lower molecular
weight maltenes. The C-H bond are mainly arranged in branched, cyclic or aromatic fashion
and the variation of these molecules and structural arrangement imparts intrinsic mechanical
properties to the respective binder [128, 197]. The viscoelastic characteristic of bitumen can
be determined either by transient or oscillatory type of testing. Oscillatory testing, using
Dynamic Shear Rheometer (DSR) is currently recommended, as it is less time consuming
and can be successfully used to determine the elastic, viscous and viscoelastic properties of
bitumen [195].

While analyzing the material response of asphalt binders using dynamic testing, two
behavioral domain appears: linear and non-linear. Nonlinearity implies the dependence of
the viscoelastic properties (such as complex modulus and creep compliance.) of the asphalt
binder to the magnitude of stress/strain in addition to temperature and time (frequency) of
loading. Evaluation of this boundary limit is important for complete rheological

characterization of any viscoelastic material [10].

This chapter focusses on assessing the linear viscoelastic (LVE) limits of different
asphalt binders at varying frequencies (time of loading) and temperatures. Further the linear

rheological characteristics of these binders are evaluated and discussed.
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5.2 Materials Used

The previous chapter focused on obtaining the modified binders for the study,
following which four asphalt binders were used. The study used two viscosity graded (VG)
binders; VG 10, VG 30, and two polymer modified binders designated as PMB (S) and PMB
(E). ‘'S’ and ‘E’ exemplifies styrene—butadiene-styrene (SBS) and ethylene vinyl acetate
(EVA). These two are the most common elastomer and plastomer used for polymeric
modification of bitumen. Viscosity grade is defined based on the viscosity of the bitumen at
60 °C. This is different from the performance grade (PG) specification where the requirement
of physical property remain same for all the grades, but the temperature at which these
properties must be achieved varies depending on the climate in which the binder is to be
used. VG 10 was the base binder used for the purpose of modification. The conventional
binder properties for all the binders can be seen in Table 5.1. The high temperature PG grade
and the true intermediate grade temperature are also listed.

Table 5.1 Properties and processing variables of binders used in the study.

Properties/Processing Variables VG 10 VG 30 PMB (S) PMB (E)
Penetration, dmm 75 62 56 49
Softening Point, °C 47 49 60 65
Penetration Index -1.01 -0.95 1.31 1.92
Viscosity @ 60 °C, Pa.s 258 375 2120 6120
Storage Stability, ASoft. Point, °C - - 15 13
High Temperature PG Grade PG 58-XX | PG 64-XX | PG70-XX | PG 76-XX
True Grade, Intermediate Temperature, °C 25.3 20.1 15.7 12.2
Mixing Temperature , °C - - 180 190
Blending Time, minutes - - 60 30
Shear Rate, rpm - - 1500 600

5.3 Experimental Investigation

5.3.1 Instrumentation

Dynamic mechanical analysis was performed using a (DSR) having parallel plate
geometry in oscillatory shear mode. Operation of the rheometer and temperature control unit,
along with the data acquisition and analysis were controlled using a computer. Figure 5.1

(a,b) presents schematic picture of the DSR used in the study.
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Figure 5.1 (a, b) Schematic representation of DSR

5.3.2 Sample handling and preparation

The asphalt binders were stored in containers of 5 Kg. The bitumen were heated until
they became sufficiently fluid to pour. Silicone mould method which is based on method B
of specification for highway works, Method B of the IP standard, Method 2 of SHRP DSR
protocol and alternative 2 of AASHTO standard (AASHTO 1994) was used for preparation
of the DSR samples. Hot bitumen was poured into the silicone mould having diameter 8 mm/
25 mm to a height of approximately 1.5 times the recommended gap requirement for the
respective geometries (3 mm and 1.5 mm for 8 and 1 mm gap). The bitumen was cooled
using short refrigeration and was placed between the spindle and the base plate. The upper
plate is lowered to the required gap plus 50 um. The extra bitumen is trimmed off once the
desired gap is obtained. For lower temperatures the trimming was done at a temperature of

60 °C after which the temperature was reduced to the desired value.
5.3.3 Testing procedure
This chapter comprises two types of dynamic shear testing:

a) Strain sweep test, and

b) Frequency sweep test
Strain sweep test was carried out to evaluate the linear viscoelastic limits for the asphalt
binders. After the determination of LVE range, frequency sweep test was done to evaluate
the various rheological aspects of the asphalt binders at different temperature and
frequencies. The effect of spindle geometry on the rheological measurements was also
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assessed using the frequency sweep test. Frequency sweep test was done at a strain level

below the LVE range of the binders, as determined in the first stage.
5.3.3.1 Strain sweep test

The strain sweep test was carried out to establish the LVE limits of asphalt binders.
The test was done at temperatures varying 10-70°C with 10 degree increment. Four different
frequencies of 0.2, 2, 5, 10 Hz was adopted to assess the effect of loading rate on LVE limits.
The strain was varied for 0-100% to ensure that the sweep was well into the non-linear
region. As each run of strain sweep test will tend to deform the sample, all the test were done
on fresh samples for each loading combination. 8 mm diameter with 2 mm plate gap was
used for temperatures between 10-30 °C, while 25 mm diameter with 1 mm plate gap was
used for temperatures between 40-70 °C. The LVE limit was defined in accordance with the
SHRP study as the strain level at which the complex modulus of the bitumen is 95 percent
of its initial linear viscoelastic modulus. Below is presented a schematic representation of a
typical curve obtained in strain sweep test (Figure 5.2). The modulus remains constant till a
particular strain level and further reduces with increase in amplitude. The initial constant
modulus G is the linear viscoelastic modulus. y1 is the strain at which the modulus starts
decreasing and can be considered as the point for the onset of non-linear behavior. y2 on the
other hand is the strain corresponding to the 95 percent of the initial modulus. As per
specification this strain level is considered as the linear viscoelastic region for the asphalt

binder.
5.3.3.2 Frequency sweep test

After finding the LVE limits of all the binders, frequency sweep test were performed
at the following test conditions:

- Mode of loading: Controlled strain,
- Temperatures: 10, 20, 30, 40, 50, 60 and 70 °C

- Frequencies: from 0.1-100 rad/second
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All the tests were done at strain below the LVE limits determined earlier. The initial

testing’s were done by varying the spindle geometry and gap width to determine its effect on

the rheological measurements. The following geometries were adopted for the study:

25 mm diameter with 1 mm gap
25 mm diameter with 2 mm gap
25 mm diameter with 3 mm gap
8 mm diameter with 1 mm gap

8 mm diameter with 2 mm gap

The most appropriate geometry for rheological measurements was also evaluated.

Following this study frequency sweep test was used for determination and comparison of

various rheological properties of unmodified and modified asphalt binders. Further, master

curves were developed at different temperatures and the shift factors used for the

construction of master curve were analyzed. Master curves allows the rheological data to be

presented over a wide range of frequency and temperature in one plot [6].
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Figure 5.2 Schematic representation of amplitude sweep test
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5.4 Linear Viscoelastic (LVE) Limits

Table 4.2-4.5 present the LVE strain limit in percentage for different asphalt binders
at varying temperature and frequency. The variation can also be seen from Figure 4.3 (a-d).
In general, the LVE strain increases with increase in temperature and reduction in frequency.
At high temperature and low frequency the bitumen is less stiff and hence higher strain levels
are required to push the binder in the non-linear region. At higher frequency and for low
temperatures the LVE strain limits are low, owing to the higher stiffness of bitumen. The
LVE limits of strain for modified bitumen were found to be lower than for conventional
bitumen. The lowest LVE strain were found for PMB (E) due to its higher stiffness compared
to other binders. The variation of LVE strain with frequency was not as much significant as
with temperature. It was also found that PMB (S) gave more stable values with variation in

both frequency and temperature. This strain susceptibility was found highest for PMB (E).

Strategic Highway Research Program (SHRP)’s Superpave binder grading criteria
empirically suggests 10-12 % strain for test carried out using 25 mm diameter spindle,
whereas 1-2 % strain for test done using 8 mm diameter spindle geometry as the LVE region
for asphalt binders [17]. These values were based on tests carried out on a large number of
unmodified bitumen. The following equations are suggested to find the linear viscoelastic

domain of asphalt binders.

12
V=02 (5.1)
G
0.12
t=r—on (5.2)
G

Where, \G\ is the magnitude of the complex modulus; 7 and 7z are the linearity limits for

strain and stress. The above equations suggests that the linearity limits are a function of

stiffness of the binder at a particular temperature and frequency.

The LVE strain obtained from the tests were compared with those simulated using

equation (5.1). Figure 5.4 presents an example for comparison. It was found that the LVE
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limits as obtained from the measurements were higher than the values obtained using

equation (5.1).

Table 5.2 LVE limit strain (%) for VG 10

Frequency (Hz)
Temperature 02 2 5 10
10 2.10E+00 1.10E+00 5.00E-01 3.00E-01
20 5.70E+00 2.30E+00 7.00E-01 6.00E-01
30 1.45E+01 1.00E+01 5.40E+00 2.10E+00
40 1.87E+01 1.48E+01 8.50E+00 4.90E+00
50 3.15E+01 2.16E+01 1.32E+01 5.30E+00
60 5.77E+01 4.65E+01 3.17E+01 1.48E+01
70 7.98E+01 6.85E+01 4.13E+01 3.67E+01
Table 5.3 LVE limit strain (%) for VG 30
Frequency (Hz)
Temperature 02 > 5 10
10 1.20E+00 9.00E-01 4.00E-01 3.00E-01
20 5.50E+00 1.10E+00 6.10E-01 5.20E-01
30 1.01E+01 4.65E+00 2.30E+00 1.60E+00
40 2.17E+01 1.01E+01 6.73E+00 3.80E+00
50 3.11E+01 1.47E+01 7.80E+00 4.70E+00
60 4.65E+01 2.17E+01 1.46E+01 5.20E+00
70 6.75E+01 3.17E+01 2.05E+01 1.13E+01
Table 5.4 LVE limit strain (%) for PMB (S)
Frequency (Hz)
Temperature 02 > 5 10
10 4.20E+00 3.80E+00 2.50E+00 1.70E+00
20 6.40E+00 5.75E+00 4.65E+00 2.80E+00
30 8.20E+00 6.73E+00 6.10E+00 5.60E+00
40 1.75E+01 1.48E+01 1.04E+01 6.20E+00
50 3.15E+01 2.17E+01 1.57E+01 1.31E+01
60 3.57E+01 2.17E+01 2.15E+01 1.46E+01
70 3.87E+01 3.17E+01 2.74E+01 2.17E+01
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Table 5.5 LVE limit strain (%) for PMB (E)

Frequency (Hz)
T t
emperature 02 > 5 10
10 9.00E-01 5.00E-01 1.00E-01
20 2.30E+00 1.10E+00 4.60E-01 1.00E-01
30 7.20E+00 3.18E+00 1.40E+00 8.00E-01
40 1.47E+01 6.86E+00 2.60E+00 1.10E+00
50 2.17E+01 1.48E+01 4.80E+00 2.40E+00
60 4.15E+01 3.16E+01 8.20E+00 3.70E+00
70 5.81E+01 3.16E+01 1.48E+01 5.70E+00
m02Hz m2Hz m5Hz =10Hz m02Hz m2Hz m5Hz =10 Hz
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Figure 5.3 (a-d) LVE strain (%) limit for different asphalt binders
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Figure 5.4 LVE strain comparison with SHRP equation

5.5 Evaluation of Frequency Sweep Test

5.5.1 Effect of spindle geometry and gap height

The DSR records only two measurements, i.e. torque and angular rotation, all other
results are calculated using these two parameters. The following equations are used to

calculate the stress and strain during the DSR measurement.

:% (5.3)
y= (5.4)
=Gy (5.5)

Where, ;= stress; T = torque; r = spindle radius; 7= strain; f= rotational angle of spindle; h=
bitumen thickness and G = shear modulus.

In general two testing (plate) geometries are commonly used with the DSR, namely
an 8 mm diameter spindle with a 2 mm testing gap and a 25 mm diameter spindle with 1 mm

testing gap. The selection of the testing geometry is based on the operational conditions with

the 8 mm plate geometry generally being used at low temperatures (-5°C to 20°C) and the
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25 mm geometry at intermediate to high temperatures (20°C to 80°C). However, it is possible
to use the 8 mm geometry between -5°C and 60°C, although the precision of the results may
be limited at high temperatures as a result of a reduction in precision with which the torque
can be measured. DSR testing can be conducted for a wide range of temperature and
frequency. Different plate diameters are used for different testing conditions depending on
the stiffness of the binder. Disk diameters suggested by SHRP [66] are in Table 5.5.

Table 5.6 Specification of spindle geometry.

Disk Diameter

Testing Temperature Range

Typical G* range

8 mm

0° to +40°

10”5 to 1077 Pa

25 mm

+40° to +80°

10"3 to 10”5 Pa

40 mm

>80°

<10"3 Pa

A research was also carried out by Airey [8] to see the effect of spindle geometry on the
rheological measurement. Nevertheless, in his study the spindle gap was limited to 1 mm

and 2 mm and the overlapping temperatures were less.
5.5.1.1 Effect of spindle diameter

To assess the effect of spindle diameter graphical plots for complex modulus and
phase angle at each temperature was drawn, corresponding to 8 mm and 25 mm keeping the
gap width to be 1 mm. Figure 5.5 (a-g) to Figure 5.12 (a-g) present the phase and complex
modulus plot for all the binders from 10- 70 °C. As seen in the phase angle plots for all the
binders, 8 mm diameter spindle gave erroneous results, mostly at lower frequencies. This
may attribute to the lesser contact area of the spindle with the bitumen, which at higher
temperatures, owing to the low viscosity of the binders tends to delaminate from the spindle.
Also edge effects are much more pronounced with the use of 8 mm spindle. This discrepancy
in the phase angle curves were more pronounced for conventional binders. This change
should not be confused with the thermorheological complexity of the binders which also
forms ‘wavy’ nature of curves. Hence, deviations in rheological results may also result from

choice of spindle geometry rather than the type and properties of binders.

It can be seen that at intermediate temperatures (typically from 30- 50 °C) similar

values of phase angles were measured, irrespective of the spindle diameter. At lower
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temperatures, however, 25 mm spindle generated lower values of phase angles as compared

to 8 mm diameter. This findings were consistent for all the binders used in the study.

The discrepancy in the measurements at higher temperatures as found in the phase
angle curves were not found in the complex modulus curves. The complex modulus curves
were rather smooth. At higher temperatures spindle diameter 8 mm gave higher values. This
difference reduced with reduction in temperature with the curves coinciding at intermediate
temperatures. With further reduction (at lower temperatures) the curve reversed its direction
with 8 mm diameter tending to give lower values than 25 mm spindle diameter. Similar to

phase angles these results were consistent for all the binders.
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Figure 5.5 (a-g) Phase angle curves for VG 10 for 25 mm and 8 mm plate diameter
corresponding to 1 mm plate gap.
(Note: 25, 1 represents spindle diameter of 25 mm with 1 mm plate gap; 8, 1 represents
spindle diameter of 8 mm with 1 mm plate gap.)
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Figure 5.6 (a-g) Complex modulus curves for VG 10 for 25 mm and 8 mm plate

diameter corresponding to 1 mm plate gap.
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Figure 5.7 (a-g) Phase angle curves for VG 30 for 25 mm and 8 mm plate diameter

corresponding to 1 mm plate gap.
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Figure 5.8 (a-g) Complex modulus curves for VG 30 for 25 mm and 8 mm plate

diameter corresponding to 1 mm plate gap.
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Figure 5.9 (a-g) Phase angle curves for PMB (S) for 25 mm and 8 mm plate diameter

corresponding to 1 mm plate gap.
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Figure 5.10 (a-g) Complex modulus curves for PMB (S) for 25 mm and 8 mm plate
diameter corresponding to 1 mm plate gap.
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Figure 5.11 (a-g) Phase angle curves for PMB (E) for 25 mm and 8 mm plate diameter

corresponding to 1 mm plate gap.
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Figure 5.12 (a-g) Complex modulus curves for PMB (E) for 25 mm and 8 mm plate

diameter corresponding to 1 mm plate gap.

5.5.1.2 Effect of plate gap

Figure 5.13 (a-g) to Figure 5.28 (a-g) presents the effect of plate gap on the
measurements of phase angle and complex modulus from 10- 70 °C for all the binders.

Curves corresponding to 25 mm and 8 mm spindle diameter are shown separately.

At higher temperatures higher plate gap gave lower values of complex modulus as
compared to lower gap. The difference in the measurements decreased with decrease in
temperature with similar values at intermediate temperatures. At lower temperatures smaller
gap width gave higher values. The trend in the results were consistent for all the binders and
both spindle diameters (8 mm and 25 mm). The difference in the results were more
significant at lower frequencies for all the binders. In terms of viscoelastic nature of the
asphalt binders it can be said that higher plate gap gave higher elastic behavior at higher
temperatures, while at lower temperatures smaller gap width displayed stronger elastic

nature.

141



Rheological Characterization of Asphalt Binders

Phase Angle, 70 °C Phase Angle, 60 °C
100 100
90 90
nggﬂﬁggg &QQQQ
o K R Q ﬁ Q o 2 P X 2 Q
< g0 2 & Dgp PN 24,
c C
< <
% 70 %70
T x253 4252 0251] N | X253 A252 <>25,1|
60 60
50 50
0.1 1 10 100 0.1 1 10 100
Frequency, rad/sec Frequency, rad/sec
a b
Phase Angle, 50 °C Phase Angle, 40 °C
90 90
K X
0] ool 8a, 80 X %
o 43 ) & &
) Rag 2 <70 a3 R R
< K < 8 8 8
9 %60
@©
£ 60 | x253 2252 o251 | ron X253 A252
50 25,1
50 40
0.1 1 10 100 0.1 1 10 100
Frequency, rad/sec Frequency, rad/sec
c d
Phase Angle, 30 °C Phase Angle, 20 °C
80 70
X
Ap %X
60 & a5 X
708 ¥ 88X %X«
[ ﬁ ﬁ o o O X%
& A X%
N -50 83 Xx
[} ﬁ E (<5} é X
> B x =) 83 A A
£ 60 B X 240 S
<} § é é X <}
< Fo &30 X253 A25,2 ©25,1
e e
o 50 X253 A252 ©25,1 T
40 10
0.1 1 10 100 0.1 1 10 100
Frequency, rad/sec Frequency, rad/sec

142

f




Rheological Characterization of Asphalt Binders

Phase Angle, 10°C
70
60 | «
X %
X x
o 50Aéééééﬁfxxx
5 o A X
£ 40 0ol A XXXy
o AARQ
<L 3o o,
<1} o
8 <o
g2 X 25,3 A25,2 ¢ 25,1
10
0
01 1 10 100
Frequency, rad/sec

g
Figure 5.13 (a-g) Phase angle curves for VG 10 for 25 mm plate diameter corresponding

to different gap width.
(Note: 25, 3; 25, 2; and 25, 1 represents spindle diameter of 25 mm with 1 mm, 2 mm
and 3 mm plate gap.)
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Figure 5.14 (a-g) Complex modulus curves for VG 10 for 25 mm plate diameter

corresponding to different gap width.
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Figure 5.15 (a-g) Phase angle curves for VG 10 for 8 mm plate diameter corresponding

to different gap width.

(Note: 8, 2 and 8, 1 represents spindle diameter of 8 mm with 2 mm and 3 mm plate

gap.)
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Figure 5.16 (a-g) Complex modulus curves for VG 10 for 8 mm plate diameter

corresponding to different gap width.
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Figure 5.17 (a-g) Phase angle curves for VG 30 for 25 mm plate diameter corresponding

to different gap width.
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Figure 5.18 (a-g) Complex modulus curves for VG 30 for 25 mm plate diameter

corresponding to different gap width.
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Figure 5.19 (a-g) Phase angle curves for VG 30 for 8 mm plate diameter corresponding

to different gap width.
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Figure 5.20 (a-g) Complex modulus curves for VG 30 for 8 mm plate diameter

corresponding to different gap width.
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Figure 5.21 (a-g) Phase angle curves for PMB (S) for 25 mm plate diameter

corresponding to different gap width.
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Figure 5.22 (a-g) Complex modulus curves for PMB (S) for 25 mm plate diameter

corresponding to different gap width.
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Figure 5.23 (a-g) Phase angle curves for PMB (S) for 8 mm plate diameter

corresponding to different gap width.
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Figure 5.24 (a-g) Complex modulus curves for PMB (S) for 8 mm plate diameter

corresponding to different gap width.
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Figure 5.25 (a-g) Phase angle curves for PMB (E) for 25 mm plate diameter

corresponding to different gap width.
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Figure 5.26 (a-g) Complex modulus curves for PMB (E) for 25 mm plate diameter

corresponding to different gap width.
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Figure 5.27 (a-g) Phase angle curves for PMB (E) for 8 mm plate diameter

corresponding to different gap width.
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Figure 5.28 (a-g) Complex modulus for PMB (E) for 8 mm plate diameter corresponding to

different gap width.
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It can be seen that spindle geometry plays a crucial role in determination of
rheological properties of both conventional and modified binders. A change in spindle
diameter and plate gap changes the value of the rheological parameter. The changes are more
pronounced at lower and higher temperatures. One conclusion which could be drawn from
the study is that 8 mm spindle geometry cannot be used for higher temperatures and is
suitable for temperature range of 10- 30 °C typically. The question to be answered is that
which plate gap for 8 mm diameter spindle is suitable for characterizing the true rheological
behavior of the binders at lower temperatures. Another question which arises is that what

plate gap for 25 mm is suitable and can 25 mm spindle be used at all temperatures.

Asphalt binder exists in thin films in an asphalt mix. With variation in film thickness
the response of the binder to applied shear stress changes and hence the difference in
rheological properties are obtained. Another aspect is that larger diameter is more suitable as
it will have larger contact area and lower edge effects as compared to 8 mm spindle diameter.
The choice of spindle gap should be consistent for a study. DSR can be said to accurately
quantify the “relative” rheological behavior of the binders. The term ‘relative’ is important

as the values obtained may not be the true value.
5.5.2 Master curves
5.5.2.1 Rheological investigation

The previous section demonstrated the effect of spindle geometry on the rheological
measurements of asphalt binders. In this section the rheological properties are investigated
for each binder using master curves. From 10- 30 °C, 8 mm spindle with 2 mm gap was used,

whereas 25 mm spindle diameter with 1 mm plate gap was employed from 40- 70 °C.

After obtaining the values of the rheological functions like complex modulus (G*)
and phase angle (9), isothermal plots were plotted. Comparison of different isothermal plots
for different temperature is a clumsy task. Moreover isothermal plots for small range of
frequency do not provide a complete description of the viscoelastic behavior of bitumen. So

G* and 6 master curves were further plotted at reference temperatures of 20, 40 and 60 °C.

Manual shift was employed first at each reference temperature to obtain a smooth

curve (if possible). Next, different shift factors as mentioned above were also used to make

166



Rheological Characterization of Asphalt Binders

a comparison and their validation in obtaining master curves at any reference temperature
chosen. Variation of shift factor was found by plotting the manual shift factors as the abscissa
and the shift factors of various other models as ordinate. Deviation from the equality line

would mean poor correlation.
5.5.2.1.1 Isothermal plots

Figure 5.29 (a-h) shows the isothermal plots of complex modulus and phase angle at
different temperatures. It can be seen in complex modulus curves that the stiffness of PMB
(E) is highest followed by PMB (S), VG 30 and VG 10. All the stiffness curves are consistent
at all the temperatures. In general the stiffness of the binder increases with increase in
frequency and reduction in temperature. The rate of change of modulus with change in
frequency was found lower for modified binders (as can be seen by the slope) indicating
lower susceptibility to loading rate. The curve describes the dominance of modification at
higher temperature and lower frequency, where due to the reduction in viscosity of the base
binder, the polymer network controls the viscoelastic response of the binder. On the other
hand at lower temperatures and higher frequency the stiffness of the base binder is high
enough which suppresses the control of polymer with regard to the rheological properties of
the binder.

The phase angle is more sensitive to changes in chemical aspects of the binder.
Modification with elastomers tends to increase the elastic component of the binder, as seen
by the reduction in phase angle. Furthermore, polymer modified binder is less susceptible to
frequency as seen by the slope of the curves in which the reduction in phase angle due to
increase in frequency is least in EVA modified binder. A noticeable fact was seen in the
phase angle plots at higher temperatures. After 40 °C, PMB (E) shows increase in phase
angle, this phenomena being more dominant at lower frequency. This may be strongly
attributed to the melt of EVA crystallites, which tend to shift its behavior towards the base
binder. This change in property was not given by the complex modulus curves. Therefore
the study of phase angle was found to be an important tool in broadly classifying the
performance of modified binders. A conclusion based on complex modulus alone, which is
a replica of the physical aspects of the binders, can be misleading and questionable. PMB

(S) was found to be least susceptible to temperature among all the binders considered. Also
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‘wavy’ nature of curves for modified binders at higher temperatures gave strong evidence of
the dominative polymer network. These wavy natures are consistent with the findings done
by Airey [6].
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Figure 5.29 (a-h) Complex modulus and phase angle master curves

Figures 5.30 to Figure 5.33 shows the complex modulus and phase angle master
curves drawn for all the binders at three different reference temperatures of 20, 40 and 60
°C. Complex modulus for all binders decreases with increase in temperature. The curves for
modified binders are less steep than the conventional binders, indicating lesser susceptibility
of modified binders with respect to temperature and frequency. It can be seen that at very
low frequency the curves at all the reference temperature tend to merge to a single asymptotic
value. This is also known as the ‘Glassy Modulus’ for bitumen which is independent of the

temperature chosen.
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Phase angle master curves gave diverse results. It was not possible to construct a
smooth phase angle master curve for PMB (E). This may be attributed to the deviation from
thermorheological simplicity for this binder. This difference was not revealed by complex
modulus master curves, which produced smooth curves irrespective of the type of binder (as
can be seen below). The phase angle is more sensitive to changes in chemical aspects of the
binder, which might be the sole reason for occurrence of ‘wavy’ phase angle master curves
mostly at higher temperature and lower frequency. Conventional binders, on the other hand
produced smooth phase angle master curves at all the reference temperatures. As the
frequency increases the elastic component of the binder increases, as seen by the reduction
in phase angle. At around 60 °C, VG-10 and VG-30 almost behave like a Newtonian fluid

with phase angle very close to 90°.

The study showed that there stands a difference when viewing and comparing the
viscoelastic properties of binders with respect to its physical and chemical nature. Though
phase angle master curve plots for modified binders were not smooth yet complex modulus
master curves can be plotted for the same. So it can be assumed that there are two
thermorheological simplicity existence- one in its physical state as given by complex
modulus master curves, and the other which describes changes in the chemical state, i.e. as
given by the phase angle master curve. A binder may be thermorheologically simple in its
physical state, but at the same time it may be complex in its chemical state. So the conclusion
of thermorheological simplicity cannot be made only on the basis of complex modulus

master curves.
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Rheological Characterization of Asphalt Binders

1E+08 VG 30,20 °C 1E+08 VG 30, 40 °C
1.E+07 1.E+07
D“_s © dﬁ"‘b
- LE+06 © 1E+06 A o—10°C
> 3 ",
S 1.E+05 S 1.E+05 A—20°C
E 8 :
S 1LE+04 S 1E+04 —>=30°C
3 1.E+03 3 1E+03 X—40°C
=% [} +—50 °C
§ LE+02 € 1.E+02
© 1.E+01 © e 00e
=%
1.E+01 70 °C
1E+00 1.E+00
0.0000001  0.0001 0.1 100 0.00001 0.01 10 10000
Reduced Frequency, Hz Reduced Frequency, Hz
a b
1E+08 VG 30, 60 °C 100 VG 30,20 °C
o 1.E+07 A 90
g- 1.E+06 —6—10°C 80
= £&—20 °C °.
S 1.E+05 O <70
S 1E+04 —*=30°C g
3 1.E+03 X—40°C %
o +—50°C 50
E 1E+02 o
3 —e—60°C
1E+01 40
——70°C
1.E+00 30
0.001 1 1000 1000000 1E-08 0.00001  0.01 10
Reduced Frequency, Hz Reduced Frequency, Hz
c d
100 VG 30, 40 °C —o—10°C 100 VG 30, 60 °C ——10°C
90 90
80 80
[e] o
L 70 L 70
D (@]
C C
< 60 < 60
D (3]}
(2] (72}
S50 S50
[a [a
40 40
30 30
0.00001 0.01 10 10000 0.001 1 1000 1000000
Reduced Frequency, Hz Reduced Frequency, Hz
e f

Figure 5.31 (a-f) Complex modulus and phase angle master curves for VG 30
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Figure 5.32 (a-f) Complex modulus and phase angle master curves for PMB (S)
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Figure 5.33 (a-c) Complex modulus master curves for PMB (E)

5.5.2.2 Shift factor analysis

Considering the drawbacks of WLF and Arrhenius equations for obtaining the shift
factors (discussed in chapter 2), a new method was proposed for automatically obtaining the

shift procedure. The procedure is explained in the following section.
5.5.2.2.1 New method proposed

Appreciating the fact that thermorheological simplicity can be validated if a smooth
curve is obtained after shifting the data at a particular reference temperature, it would be

more convenient to introduce a process which will shift the data till a best fit is obtained and
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will return the shift factors once shifting is accomplished. Finally the graph so obtained can

be analyzed visually to see if the material obeys time temperature superposition principle.

A new procedure was hence introduced and was programmed using MATLAB. The
method is named as ‘Equivalent Slope Method’ and could be used to plot master curve for
any rheological parameter requiring horizontal shift at any reference temperature. The base
behind the development of this procedure is that stress function for two different
temperatures merges to a single or nearly similar value, but at different frequency. So shifting
the curve till the slope at few desired points become similar would yield a smooth master

curve, provided thermorheological simplicity prevails.

The algorithm adopted for preparing the program for obtaining shift factor is

presented in Figure 5.34. Few terms are defined formerly to understand the procedure.

I — Frequency,i €[L k]

j — Temperature, j €[10,70]

T, — Reference Temperatrure,R c |

Y; ; —Value of Y variable at Frequency i and Temperature ]
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|Input Frequency sweep data from excel sheet and plot Parameter Y versus Frequency i|
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Select the reference temperature, T,

\
For curve Rand R+1,calculate [Y; g —Y; .1 i) gl
\
Find the value of i for which the above is minimum.let it be x™ point, x € [1,]
\J
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Shift factor for temperature T,,, =[

]

Figure 5.34 Algorithm adopted for preparing the program for obtaining shift factor

The above concept is extended similarly for other temperatures, below and above the
reference temperature. This method can be used to construct master curve for stress functions

in which horizontal shift is required.

Figure 5.35 (a-f) shows the graphical representation of various shift factor laws
plotted against manual shift factors for VG 10 and PMB (E) at reference temperatures of 20,
40 and 60 °C. Manual shift factors were obtained by manually shifting all the isothermal
plots to a single reference temperature to obtain a smooth fit. Higher deviation from the
equality line would indicate a poor correlation of the shift factor in obtaining the master

curve. WLF, Arrhenius and equivalent slope shift factors were considered for correlation. Cs
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and C» value in WLF were considered to be 8.86 and 101.6 as given by William et.al. The
value of Ea in Arrhenius equation was found by optimizing the sum of least squares with
respect to manual shift using SOLVER function in MS EXCEL.

It was found that different shift factors for phase angle and complex modulus are
required at the same reference temperature for obtaining a smooth master curve. A single set
of shift factor cannot be used to describe the master curve for these two parameters as both
represent different aspects of the same binder. Moreover, for modified binders it was not
possible to obtain phase angle master curve due to the deviation from chemical

thermorheological simplicity, as mentioned earlier.

The WLF equation had very poor correlation at all the reference temperatures chosen
in the study as shown in figures below. It was found that WLF equation yielded similar shift
factor as that with the manual shift for temperature lower than the reference temperature. For
higher temperatures, it produced very high values. At a reference temperature of 60 °C very
poor shift was obtained by using WLF equation. This may be due to the William’s constant
used in the study. Optimizing the constants could give a more accurate value, but was out of
the scope of the study.

Analysis using Arrhenius constants gave several outcomes. First, the Ea values
obtained for PMB (E) was highest followed by PMB (S), VG-30 and VG 10. This should be
true, as higher stiffness of PMB (E) will require higher energy for starting molecular
movements. Arrhenius constants gave poor correlation with the manual shift for complex
modulus, but were rational in describing the master curve for phase angle. Good correlation
of Arrhenius equation with phase angle master curve indicated that the Arrhenius equation

is better in describing the chemical aspects of the binder rather than its physical nature.

The shift factor obtained by the equivalent slope method which was developed in the
study gave the best results. It was obvious as the method considered minimization of the
slope of the isothermal plots, so that a smooth curve can be obtained. This method was also
found useful in describing the thermorheological complexity of the binder and will yield ‘no’
result for thermorheological complex binder, as the software will not be able to plot a smooth
curve. Figure 5.36 (a-c) shows the complex modulus master curve obtained for VG-10 at all

the temperatures using this method.
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Figure 5.35 (a-f) Shift factors using different methods for VG 10 and PMB (E)
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Figure 5.36 (a-c) Simulated curves in MATLAB using equivalent slope method for VG
10

5.5.2.2.2 Modelling shift factors

The shift factor for all the binders at different reference temperature was found to

obey exponential law of the form

a, = Aexp(BT) (5.6)

where, A and B are the model parameters, dependent on the reference temperature and the
type of binder. 'A" increases with increase in the reference temperature, whereas B for a
particular binder was found to be invariable irrespective of any reference temperature. The
value of 'B' roughly was found to be nearly 0.2 for all the binders. The value of ‘A’ for a
particular reference temperature was higher for stiffer binder, PMB (E) having the highest
value whereas VG 10 having the least. As an example, Figure 5.37 (a-l) shows the variation

of a; with temperature for all the binders at reference temperatures of 20, 40 and 60 °C and
the corresponding exponential fit. Very high coefficient of determination (Rz) was found for
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all the binders. Variation at other reference temperatures, though not shown, follows

similarly.
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Figure 5.37 (a-1) Exponential fitting of shift factors for different binders.

5.5.3 Modelling the LVE master curves

Predictive models and equations are excellent tools for quantifying the
mechanical/rheological properties of any material. It is time saving, less laborious and
doesn’t require any skilled operators. Since 1950’s researchers have tried to predict the linear
viscoelastic characteristics of bitumen using nonlinear multivariable models, also known as
nomographs. These nomographs were later replaced by empirical equations and the use of
mechanical elements (spring and dashpot), for modelling the linear rheological properties.
These techniques were mainly used for predicting variation of complex modulus and phase
angle master curves, at any desired reference temperature. Yusoff et al. [196] presented a
brief overview of all the models developed over the past years. Most of the algebraic models
consist of large number of model parameters which are empirical and does not have any
physical significance. A more simple model is hence desired which can be directly related to

the flow properties of the binder.

5.5.3.1 Cox-Merz principle

The study of asphalt binder in dynamic and steady-state state are usually done
separately. Researchers found that the association between these two states stands important

for arriving at the rheological curves and mathematical interrelationships [27, 131, 152, 204].
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Cox-Merz relationship is one such tool which connects the dynamic and steady-state
properties [54, 185]. Cox-Merz relationship is an empirical relationship relating dynamic and
steady-state viscosities applicable mainly to polymer melts. Cox and Merz [41] were the first

researchers who observed that, the steady-state viscosity at some shear rate () can be

successfully related to the dynamic complex viscosity as follows

7 @) =2 &7

7 @) is the absolute value of complex viscosity at a frequency @ equal to the shear rate 5

. As an empirical relationship, its applicability as a general rule stands debatable [54, 152,
185]. Shan et al. [152] found that Cox-Merz relationship for bitumen is applicable in the
shear-thinning region and is not always true in the zero-shear-rate-limiting viscosity region.
Modifications and changes to the principle have also be done to relate the dynamic and steady

state relationships.
5.5.3.2 Modeling complex viscosity/modulus master curves

Frequency sweep test was carried from 0.1-20 Hz from 10-70 °C, with temperature
increment of 10 °C. The concept of rheogram as discussed in section 1.2 was used and master
curves, independent of temperature, for all the binders were potted using the ZSV as obtained
in the steady shear test. This was a form of validation of the relationship between the dynamic
and the steady-state platform. If a smooth master curve could be produced, it would imply
the applicability of Cox-Merz rule at least in the zero-shear domain. The rheogram for all the
binders at all the three reference temperatures are shown in Figure 5.38 (a-d). It was found
that excellent fit was obtained using the ZSV from the steady state as a shift factor for plotting
the master curves. This led to the conclusion that Cox-Merz principle holds true for asphalt
binders in the zero shear region and ZSV from steady state test can be successfully used as

shift factors for construction of master curves in dynamic domain.

Similarly, complex modulus master curves using the same concept were plotted using

the relationship:

-l 6
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Figure 5.39 (a-d) shows the complex modulus master curves for all the binders. Similar to
complex viscosity, smooth master curves for complex modulus were also obtained. It has to
be mentioned that these master curves are independent of temperature, and the strength of a
particular binder could be obtained at any desired frequency and temperature, provided the

ZSV is accurately known.
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Figure 5.38 (a-d) Complex viscosity rheogram showing the validity of Cox-Merz

principle.
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Figure 5.39 (a-d) Complex modulus master curves

Following the concept of rheogram and the Carreau-Yasuda equation, the following

equation was fitted for all the binders.

= [ )] )

(5.9)

G| = 0,0 Gy [1+ (A )" J[l] (5.10)

The Star (*) notation implies the parameter pertaining to the oscillation mode. The physical

significance of the parameters remains the same as described in chapter 4.
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It can be seen from Figure 5.40 (a-d) that very successfully can the equation be used
to model the variation of reduced complex viscosity versus the reduced frequency. This plot
can be of great use in determining the viscosity corresponding to any shear rate (frequency)
provided the ZSV is known at the desired temperature. The values of model parameters are
presented below in Table 5.6. It can be seen that the critical shear rate (1/A") for modified
binders are much lower than for conventional binders. This is an indication of greater shear
thinning behavior and hence, higher dependence of viscosity on shear rate. Table 5.7 shows
the variation of viscosity with shear rate for all the binders at a temperature of 160 °C. It can
be seen that for conventional binders the percentage change in viscosity is only about 25%
when the shear rate varies from 50 s to 100000 s™. The corresponding change in PMB (S)
and PMB (E) is 59 and 83 %. Hence, shear rate definitely plays a crucial role in influencing
the flow behavior of binder even at higher temperatures. The table also depicts that at higher
shears rates of the order of 10° s, the viscosities of modified binders are even lower than
the conventional binders. Hence, even lower mixing and compaction temperatures could be
obtained as compared to the conventional binders. The authors also feel that the effect of
shear rate is higher at the time of mixing rather than for compaction. During compaction the
vertical load of the roller is the primary parameter influencing the compaction. So, though
the mixing temperature of modified binders will be lower than the conventional binders, the
compaction temperature might remain same or be slightly higher, owing to lesser effect of
shear rate at the time of compaction.

Similar fit were obtained for complex modulus master curves using the equation
above. The plots are not shown for brevity. Hence C-Y model proves to be an excellent tool
for modelling the rheological properties of both conventional and modified bitumen with
high degree of accuracy. This simple equation is more fundamental as it delineates the use
of greater number of model parameters, which has no significance to material characteristics.
The critical frequency turns out to be an important parameter describing the intrinsic change
in flow behavior of different binders. The equation is sensitive to only one parameter, i.e. the
ZSV of the bitumen at different temperature. If the ZSV of the binder is determined

accurately, the above model will give satisfactory results.
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Figure 5.40 (a-d) C-Y model fit for complex viscosity master curves

Table 5.7 Carreau-Yasuda model parameters for different bitumen

Carreau-Yasuda
Binder
A n o N a 1/A
VG 10 0.000007 0.55 1.00 0 0.45 142857.1
VG 30 0.000007 0.52 1.00 0 0.45 142857.1
PMB (S) 0.00003 0.49 1.00 0 0.32 33333.33
PMB (E) 0.00008 0.41 1.00 0 0.21 12500

188



Rheological Characterization of Asphalt Binders

Table 5.8 Shear rate dependence at 160 °C for different bitumen

Viscosity, Pa.s
Shear rate
VG 10 VG 30 PMB (S) PMB (E)

50 0.124 0.126 0.210 0.370
100 0.124 0.126 0.204 0.335
500 0.122 0.122 0.186 0.255
1000 0.120 0.119 0.176 0.222
10000 0.112 0.113 0.134 0.126
50000 0.101 0.101 0.100 0.077
100000 0.094 0.094 0.085 0.061

5.5.3.3 Modelling phase angle master curves

The above mentioned procedure of using C-Y equation for modelling the dynamic
viscosity and complex modulus master curves (rheogram) can also be applied to phase angle
master curves. The interrelationship between complex modulus and phase angle can be

mathematically written as
6’| =[G |sins (5.11)
Where,G", G" and ¢ are the complex modulus, loss modulus and phase angle of the binder.

As G" is modelled using (5.10) , it can be assumed that G" can also be modelled
using a similar form of equation with changed model parameters. As an example,
temperature independent G~ master curves for PMB (S) and VG 30 is shown in Figure 5.41.
The master curves were also fitted with a similar form of equation as used forG". It was
found that the model gave excellent fit for all the binders (Figure 5.41). It was also found
that the G master curve could be modelled using the same equation as that used for G just
by varying the parameter ‘n’. There is no need to change any other model parameters. This
result was found to be consistent for all the binders. So, the equation for modelling G master

curves can be written as

G'|= 00y Gy [1+ (X 0,4)" }[lJ (5.12)

189



Rheological Characterization of Asphalt Binders

Where n™ is applicable to G master curve, all the other parameters remaining same as
used in (5.10).

Dividing (5.10) by (5.12) and using (5.11) we get

sing =[1+(4*.a)red)a* }[ ") (5.13)

s=sin" [1+(}t*.a)red)a* }[n*a*n*J (5.14)

Equation (5.14) was used to model the phase angle rheogram. First, the phase angle
master curves were plotted and then was fitted with the above equation to check its validity.
It was found that smooth phase angle master curves couldnot be obtained for PMB (E), as
can be seen in Figure 5.42. This is attributed to the presence of crystallites in PMB (E) which
induces the inapplicability of TTSP for these binders. Similar results were obtained by Airey
[8] for modified binders. This breakdown of TTSP can also be appreciated through black
diagrams, which are a plot of complex modulus versus phase angle. Such plot delineates the
use of frequency or temperature, which allows all the dynamic data to be presented in one
plot without the need to perform TTSP manipulations of the raw data [8]. A smooth curve
indicates the applicability of TTSP for any polymer. Figure 5.43 clearly explains the
deviations observed for phase angle master curve of PMB (E). For all the other binders
smooth master curves were obtained and the above mentioned model gave excellent fit. It is
worth mentioning that phase angle is more sensitive to the type and chemical nature of the
binder. Such sensitivity is not displayed in complex modulus master curves, which was the

reason that smooth master curves were obtained even for PMB (E).
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Figure 5.43 (a-d) Black diagrams for all the binders

5.6 Conclusions

The LVE strain increased with increase in temperature and reduction in frequency.
At higher frequency and for low temperatures the LVE strain limits were low, owing to the
higher stiffness of bitumen. The LVE limits of strain for modified bitumen was found to be
lower than for conventional bitumen. The lowest LVE strain were found for PMB (E) due to
its higher stiffness compared to other binders. The variation of LVE strain with frequency
was not as much significant as with temperature. It was also found that PMB (S) gave more
stable values with variation in both frequency and temperature. This strain susceptibility was
found highest for PMB (E).

At higher temperatures spindle diameter 8 mm gave higher values for complex
modulus and phase angle of the asphalt binders as compared to 25 mm diameter spindle.
This difference reduced with reduction in temperature with the curves coinciding at
intermediate temperatures. With further reduction (at lower temperatures) the curve reversed
its direction with 8 mm diameter tending to give lower values than 25 mm spindle diameter.
At higher temperatures higher plate gap gave lower values of complex modulus as compared
to lower gap width. The difference in the measurements decreased with decrease in

temperature with similar values at intermediate temperatures. At lower temperatures smaller
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gap width gave higher values. It was found that spindle geometry plays a crucial role in
determination of rheological properties of both conventional and modified binders. A change
in spindle diameter and plate gap changes the value of the rheological parameter. The
changes are more pronounced at lower and higher temperatures. One conclusion which could
be drawn from the study 8 mm spindle geometry cannot be used for higher temperatures and

is suitable for temperature range of 10- 30 °C typically.

Complex modulus for all binders decreases with increase in temperature. The curves
for modified binders were less steep than the conventional binders, indicating lesser
susceptibility of modified binders with respect to temperature and frequency. It was not
possible to construct a smooth phase angle master curve for PMB (E). A conclusion was
made that the study of thermorheological simplicity cannot be made only on the basis of
complex modulus master curves. Phase angle curves are more sensitive to change in

chemical nature of the bitumen.

The shift factor obtained by the equivalent slope method which was developed in the
study gave the better results in plotting master curves as compared to WLF and Arrhenius
equation. The shift factor for all the binders at different reference temperature was found to
obey exponential law.

It was found that Cox-Merz rule can be successfully applied in the zero shear
viscosity domain. Using the concept of rheogram, complex viscosity master curves were
plotted for all the binders for the data obtained in frequency sweep test conducted using
dynamic shear rheometer. The shift factor employed was the ZSV from steady state
experiments. Smooth master curves, independent of temperature were obtained for all the

binders.

Master curves of complex viscosity were converted to complex modulus master
curves. Carreau —Yasuda (C-Y) equation was used to model the complex viscosity master
curve. Excellent fit was obtained for all the binders. The critical shear rate was lower for
modified binders, which indicated higher dependence of modified binders on shear rate. The
same equation can also be used to find the mixing and compaction temperature of different
binders at the practical shear rates. At very high shear rate of the order of 10° s, the viscosity

of modified binders were found to be lower than the conventional binder.
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The simple C-Y model was found to be successfully applicable in modelling the
rheological properties of both conventional and modified bitumen. The model however is
sensitive to the determination of ZSV values. So, accurate determination of ZSV is

recommended to gain more confidence in using the equation.

The C-Y equation for modelling complex modulus was modified for phase angle
rheograms. Excellent fit using the suggested model was obtained. TTSP principle breakdown
for PMB (E) resulted in wavy nature of phase angle master curves. Phase angle was found
to be sensitive to the type and chemical nature of bitumen. Such sensitivity and the TTSP

breakdown cannot be witnessed by using complex modulus master curves.
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Chapter 6

Performance Evaluation of Asphalt Binders

6.1 Introduction

Fatigue and rutting are two of the three (rutting, fatigue cracking and low temperature
cracking) major failure modes in flexible pavements which results in degradation of the
pavement materials and finally the pavement structure [201]. The materials in pavement are
subjected to short time load amplitudes upon passage of a vehicle. Higher amplitudes of this
repeated loading causes distributed micro cracking which leads to an effective reduction in
material stiffness and its subsequent accumulation with time may lead to complete failure
[32]. Fatigue failure occurs at intermediate pavement temperatures at which the stiffness of
the binder is high, making it susceptible to fatigue damage [23, 37, 170, 198]. Moreover, the
failure is more likely to occur after subsequent aging of the pavement. Rutting is one of the
high temperature distresses, which leads to permanent deformation of pavements. The
resistance of asphalt mixture to permanent deformation depends on many factors, including

stiffness of bitumen, mix volumetrics and bonding between aggregate and bitumen [203].

The inability of Superapave specification of G*/sind to characterize permanent
deformation behavior of bitumen has been reported in many studies [34, 43, 44, 46]. This
applies mainly to the modified binders, attributed to the non-linearity associated at high
temperatures and stress levels. Nonlinearity implies the dependence of the viscoelastic
properties (such as complex modulus, creep compliance etc.) of the asphalt binder to the
magnitude of stress/strain in addition to temperature and time (frequency) of loading. In lieu
to this, performance grade (PG) plus specification has been introduced, which requires
conducting multiple stress creep and recovery (MSCR) test on binder at stress levels of 0.1
and 3.2 kPa. This method has been introduced as a part of new Superpave grading system
(AASHTO MP 19-10) and is accepted as a standard. MSCR test is conducted in accordance
to AASHTO TP 70. The details of the experimental procedure are already discussed in
Chapter 2.
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Results have shown that, the unrecoverable creep compliance (Jir) at 3.2 kPa,
measured using this test method, correlates fairly well with the actual field performance [25,
44, 46]. A lot of research has been done and is still ongoing to understand more about the
permanent deformation characteristics of binder using this method [51, 56, 69, 75, 136, 147,
190]. Modelling the response of any material to the imposed stress/strain is one of the popular
technique to study and quantify their physical and mechanical properties [172]. Many
researchers have tried to model the creep and recovery behavior of bitumen using different
mathematical and rheological models [26, 38, 49, 51, 110, 118, 191]. Among the mechanical
models, generalized Kelvin and four element Burger’s model have shown to give good
experimental fit [34, 38]. Mathematically, Boltzmann superposition principle is widely used
and the concept has been extended for non-linear models through Schapery’s equation [26,
148, 191]. Numerous modifications to these models have also been attempted, to include

various viscoelastic and viscoplastic characteristics, mostly for modified bitumen.

The current Superpave specification for performance grading was developed mainly
for unmodified binders and has been proved to be misleading for predicting rutting and
fatigue properties of modified bitumen [71, 73, 84, 85, 199]. The method employs the
parameter G *.sin ¢ to quantify the asphalt binder fatigue resistance. It is based on the concept
that lower dissipated energy per loading cycle (z.yo% G*sind) will lead to lower distress
accumulation. Hence the intermediate temperature is determined such that G*.sino be less
than 5000 kPa [17]. This stiffness based parameter, which is a development of Strategic
Highway Research Program (SHRP), is measured at a fixed frequency (10 rad/sec), ensuring
the strain to be below the linear viscoelastic (LVE) regime of the bitumen. The recommended
strain value is 1-2%. The test was developed based on the speculation that binder in
pavements functions mostly in the LVE range and is not likely to affect their properties. This
simple test cannot describe the actual complicated fatigue phenomena, in which the binder
is exposed to higher strain levels and varied frequency levels. Efforts placed on development
of new technique to more accurately quantify the fatigue behavior of asphalt binder led to
the introduction of Linear Amplitude Sweep (LAS) test. It is based on the principal of
continuum viscoelastic damage and has been standardized as AASHTO TP 101-14. A

plethora of studies have indicated its superiority over the traditional methods for evaluating
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the fatigue damage of asphalt binders [15, 72, 73]. The details of the test method has been

discussed in chapter 2.

This chapter focusses on quantifying the performance of unmodified and modified
asphalt binders using MSCR and LAS test methods at varying temperatures and stress/strain
levels. The effect of polymer modification on the values of different test parameters has also
been evaluated and discussed. The suitability of different asphalt binders in actual field
conditions is also established which can help the practitioners in choosing the appropriate
binder. The measured response in MSCR test was analyzed using two different modelling
techniques. Changes in the suggested model were made to account for the non-linearity
associated with the binders. The significance of model parameters, influencing the permanent
deformation characteristics were evaluated. Critical values to these parameters were assigned
and proposed as a performance measure, after comparison with the already existing PG plus
specification. This may provide additional benefit in judging the relative performance of

asphalt binders at high temperature.
6.2 Experimental Investigation
6.2.1 Multiple stress creep and recovery test

Multiple Stress Creep and Recovery (MSCR) test [1] was conducted at three different
temperatures (40, 50 and 60 °C) using Dynamic Shear Rheometer (DSR) operated in constant
stress mode. Four different stress levels were chosen, viz. 100, 3200, 5000 and 10,000 Pa.
Studies [50, 68] have shown that the non-linearity in creep compliance usually starts beyond
3.2 kPa at higher temperatures. So two additional stress levels (5 and 10 kPa) were used to
evaluate the performance in the non-linear domain. The test was done using 25 mm sample
geometry with 1 mm gap between the spindle and the base plate on RTFO aged samples.
Samples were prepared using silicon mold method (alternative 2 of AASHTO standard,
1994). The temperature was allowed to equilibrate for 30 minutes before starting the test. All
the results in this chapter are average of three test carried out in each mode. This was done
to check for the repeatability of the instrument.

First cycle of each stress level at a particular temperature was chosen to model creep

and recovery response for the binder. It was hence necessary to bring the data on a single
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scale of time. The creep and recovery of the first cycle at stress level of ¢i+n Was converted
to the scale of i by subtracting each value of strain for creep and recovery of oi+n by the last
strain value of gi+n-1. Figure 6.1 shows the procedure of shifting the axis. Applicability of
Boltzmann superposition principle was checked for the final shifted data. If Boltzmann

superposition is assumed to be applicable, then

ik :(O'im /O-i)'gi (6.1)

Where, ‘I’ is the known data and ‘n’ is the point for which the applicability has to be checked.
Checking this applicability using such technique would automatically enclose the effect of

cycle on creep and recovery, as the data for gi+k are shifted from higher cycle numbers.
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Figure 6.1 Shifting of creep and recovery data to a single scale

Though the specifications (as discussed in chapter 2) are given only for two stress levels of

0.1 and 3.2 kPa, in this study the calculations were done for all the four stress levels.
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6.2.1.1 Modelling the strain response of asphalt binders

Boltzmann superposition principle has been widely used to define the linear
rheological characteristics of polymers. This principle states that the creep strain in a material
is affected by its loading history and the strains due to multiple load steps are additive and

independent. The hereditary integral representation of this principle is as follows [181]:
£(t) = D,o + [ AD(t —T)d—o-df (6.2)
. dr

Where, Dy is the instantaneous creep compliance, 4D(?) is the transient creep compliance, o
is the applied stress, and z is a variable introduced into the integral in order to account for the
stress history of the material. This principle has been found to serve well for low stress levels,
or in the linear viscoelastic region of bitumen.

For the associated non-linearity, such as in modified bitumen, Schapery’s principle
[148] based on irreversible thermodynamics has been recommended which could be written

as

50 = 4,D,0-+9, ] aD(y —) s (63)

Where, Do and AD(¥) are the instantaneous and transient linear viscoelastic creep

compliance, and ¥ is the reduced-time which is defined by:

¢ odt
. % dt'
v =£ a [o(0)] (65)

The factors go, g1, g2 and as in the model are all stress dependent nonlinearity parameters.
The go term indicates the nonlinearity in the instantaneous elastic compliance due to varying
stress and temperature, and can therefore be a measure of the stiffness of the material. Factor
g1 has a similar interpretation but acts on the transient creep compliance, and g» shows the
nonlinearity effects of loading rate. The parameter a, is a time shift factor that is both stress
and temperature dependent [126]. Though a very effective technique to model the non-linear
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viscoelasticity in polymers, too many model parameters tends to involve complexity in

relating them to the measured performance.

6.2.1.2 Burger’s four element model

Of the various rheological models, Burger’s four element model had been very
promising in characterizing the creep and recovery of viscoelastic materials [34, 38].
Burger’s model consists of four mechanical components as shown below in Figure 6.2. It
consists of a Maxwell and a Kelvin unit connected in series. The constitutive equation for a
Burger’s model can be derived by considering the strain response under constant stress of
each coupled element in series as depicted in Figure 6.2. The total strain ¢g at time tis a sum
of the strains in these three elements, where the spring and dashpot in the Maxwell model
are considered as two elements. The subscripts B, M, and K indicate Burger’s model,
Maxwell and Kelvin elements, respectively; em1, em2, and ek are the strains of the Maxwell

spring, Maxwell dashpot, and Kelvin unit, respectively.

CA

My |_|:|J Emz

Y

Figure 6.2 Schematic representation of Burger’s four element model
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For creep and recovery loading the strain response can be written as follows,

t)=0,/E, +o,t/n, +0,/ E (1—e ") (6.6)
for creep phase, and
e(t) =t/ ny +%e-EK“ﬂK (B 1) 6.7)
K

for recovery stage, considering that the load is removed at t = 1.

Ewm, 7w, Ek, and #k are the model parameters pertaining to modulus and viscosity of Maxwell
and Kelvin elements respectively. #m characterizes the viscous flow behavior of the bitumen
and is considered as an important parameter to describe the rutting potential of different
binders. The creep and recovery of all the four binders were fitted with the help of this model
and the model parameter nm, was analyzed. The data fitting was done using the non-linear

least square technique.

6.2.1.3 Power law model
The transient creep compliance function, 4D(t), is often given the form of a Power
law or a Prony series in viscoelastic modeling. In this study Power law was used to model

the strain response of the binder in creep. It could be mathematically written as

et)=K+At° (6.8)

K is the assumed elastic response and the second term is the time dependent viscoelastic
response. A and B are the model shape parameters. If Boltzmann superposition is to be valid
for both creep and recovery phenomena, then the recovery could be written as

¢ (t)=¢(t)-e(t-t) (6.9)

First, a verification was done, if modelled values obeyed Boltzmann superposition
principle and further changes in the equations were made accordingly to account for the

nonlinearity.
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6.2.2 Linear amplitude sweep (LAS) test

Linear amplitude sweep test following AASHTO TP 101-14 was conducted to
determine the parameter A and B, to assess the fatigue life of the binders at different strain
levels. The test requires conducting a frequency sweep test followed by a linear amplitude
sweep. The frequency sweep is conducted at a very low strain level of 0.1% to obtain
undamaged material properties (o), which is used as an input in the analysis of amplitude
sweep test. The amplitude sweep test is conducted by linearly varying strain from 0-30%,
through 3100 loading cycles at a fixed frequency of 10 Hz. The test begins with 100 cycles
of sinusoidal loading at 0.1% strain followed by incremental load steps of 100 cycles each,

at a rate of 1% increment in strain level.

The binder fatigue life Nr is calculated using the equation (details given in chapter 2)
NF = A(ymax)B (610)
6.3 Results and Analysis

6.3.1 Experimental results of MSCR test

The average unrecoverable creep compliance (Jnr) and average percent recover (R)
at the three test temperatures are shown in Figure 6.3 (a-d) and Figure 6.4 (a-d). In general,
modified binders outperformed the conventional binders at all the temperatures and stress
levels. The value of J.r was found to be lowest for PMB (E), followed by PMB (S) at all the
test conditions. For locations with heavy traffic, which requires the maximum value of Jur to
be 2 kPa, according to specifications given by Asphalt Institute (Table 2.1), the binder VG
10 is not suitable. Even VG 30 could be used only for low stress levels (<3.2 kPa), above
which the performance degrades. Both modified binders were found to be apposite for
resisting permanent deformation at all the conditions studied. It is worth mentioning that
according to the traditional Superpave grading system, VG 10 and VG 30 are supposed to
perform well at regions where the average maximum seven day temperatures are 58 °C and
64 °C respectively (Table 5.1). But the MSCR result clearly demonstrates that VG 10 and
VG 30 are not very suitable at such high temperature conditions. Hence use of the traditional
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Superpave grading protocol as a standard for characterizing permanent deformation of

binders is misleading.

Modified binders had considerably higher percent recovery (R) than the conventional
binders. R for PMB (E) was found to be higher than PMB (S) below the stress level of 10
kPa. At 10 kPa for the temperature of 50 and 60 °C, PMB (S) showed higher recovery. This
is attributed to the interlocked polymer network in PMB (S), which makes it capable to resist
higher stresses, without accumulating any permanent strain. EVA on the other hand imparts
high rigidity to the binder, which increases the stiffness, but the flexibility reduces when
subjected to worst combination of temperature and stress i.e. at high strain levels. At 60 °C
and for stress levels greater than 100 Pa, both the normal binders showed negative percent
recovery. This is due to the tertiary creep flow in these binders, even after removal of load.
Moreover, the drop in percent recovery with increase in temperature and stress levels, were
found to be higher for normal binders, making them both temperature and stress sensitive.
Use of these binders at locations with high temperature and heavy traffic should hence be
avoided. Furthermore, none of the conventional binder satisfied the minimum percent
recovery criteria mentioned in Table 2.2 for temperatures greater than 40 °C. This proves the
absence of delayed elastic response in these binders, making them highly rut susceptible. It
was also found that if any binder has at least 20% recovery, irrespective of any stress level
or temperature, it will indicate the presence of delayed elastic behavior. Table 6.1 presents
the suitability of all the binders at 60 °C for different stress levels based on the recommended

maximum Jnr values. In the Table ‘Y’ represents the suitability and ‘N’ denotes that it is not

suitable.
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Figure 6.3(a-d) Average unrecoverable creep compliance (Jnr) for different binders
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Figure 6.4 (a-d) Average percent recovery for different binders
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Table 6.1 Suitability of different binders at 60 °C

Type I 0.1kPa 3.2kPa 5kPa 10 kPa
Gr";de Maximum [ VG | VG | PMB | PMB | VG | VG | PMB | PMB | VG | VG | PMB | PMB | VG | VG | PMB | PMB
10 [ 30| ¢ | ® [ 10 ]3] ¢ |E 10 |3 | ¢ | ® [ 10]30]@© (E)
s 4 Y | v Y Y Y | Y Y Y Y | v Y Y Y | v Y Y
H 2 N | Y Y Y N | Y Y Y N | N Y Y N | N Y Y
v 1 N | N Y Y N | N Y Y N | N Y Y N | N Y Y
E 05 N Y Y N | N Y N | N Y Y N | N Y Y

6.3.2 Modelling creep and recovery

6.3.2.1 Modelling using Burger’s four element model

The representative creep and recovery curves for the stress level of 3.2 kPa at 50 °C
are presented in Figure 6.5 (a-d). The simulated curves using Burger’s model are drawn in
solid lines. It could be seen that the modelling curves are in good agreement with the
experimental data for conventional binders. Deviation were found particularly for modified
binders, at the lower temperatures (40 and 50 °C) and stress levels (0.1 and 3.2 kPa). The
recovery portion deviated from Burger’s fitting, for these binders. The marked circles
represents the area where the model deviated from the experimental results. The model was
not able to simulate the delayed elastic response, typical in polymer modified binders. Out
of the four Burger model parameters, #m accounts for the viscous strain after the recovery
and is considered to describe the permanent deformation characteristics of asphalt binders.
Researchers [34] have found it close to the zero shear viscosity (ZSV) of the bitumen. A
higher value of »m would mean better resistance to rutting. The values for different binders
obtained in the study are shown in Table 6.2. The values of all the model parameters at
different test conditions are also presented in Table 6.3. In general, the value of #m were
found to be higher for modified binders, PMB (E) giving the highest value. The values at all
the stress levels decreased with increase in temperature. However the rate of decrease was
higher in conventional binders. This portrays the higher temperature susceptibility for these
binders in comparison to modified binders. It was also found that the value of »wm is affected
by the level of stress only after a certain temperature. This temperature is binder specific and
was found to be the point from where the viscous flow dominates. For VG 10 this
temperature was found to be 40 °C, for VG 30 it was 50 °C and for modified binders the

change in nm with stress level dominated after attaining 60 °C. The parameter #m, was found
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to give good correlation with the unrecoverable creep compliance, Jnr and the value of R, as
can be seen in Figure 6.6 (a-b). It is worth noting that both J.r and #wm are affected by stress
levels only at viscous temperatures, contrary to the average % recovery, which is sensitive

to stress levels at all temperatures.

Burger model fit for VG 10- 3200 Pa, 50 °C Burger model fit for VG 30- 3200 Pa, 50 °C
6 4
5 35
3
4
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! 0.5
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95 100 105 110 115 120 125 95 100 105 110 115 120 125
Time, Sec Time, Sec
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Burger model fit for PMB (S)- 3200 Pa, 50 °C Burger model fit for PMB (E)- 3200 Pa, 50 °C
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A
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0.1 0.05
0 0
95 100 105 110 115 120 125
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Figure 6.5 (a-d) Burger’s model fit at 50 °C for different binders

Table 6.2 Maxwell dashpot element (nw) for all the binders at different stress levels and

temperatures.
. nw (Pa.s)
Binder Stress (kPa)
40°C 50°C 60°C
0.1 7500 1500 360
3.2 7500 1500 330
VG 10
5 7500 1400 310
10 7500 1350 290
0.1 11000 2000 550
VG 30
3.2 11000 2000 490
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5 11000 2000 450
10 11000 1850 395
0.1 46000 10000 2900
PMB (S) 3.2 44000 10000 2900
5 44000 10000 2750
10 44000 10000 2550
0.1 50000 13000 9000
3.2 48000 13000 7500
PMB ) 5 48000 13000 6000
10 48000 13000 4000

Jr VIS
100000
«» 10000
©
o
s
£ 1000
: 100 Lo TR
0.005 0 50 100
R, %
a b

Figure 6.6 (a, b) Correlation between »#m with Jnr and % Recovery (R)

It was attempted to assign a critical values to »wm, so that it could be used to
characterize the rutting resistance of any binder. These values were assigned after careful
examination of all the values of Jir and the corresponding ZSV values. These minimum
values corresponds to the PG plus specification for different traffic conditions. Table 6.4
presents the recommended values, independent of the type of binder. The binder should
possess these minimum values when tested at the average maximum temperature of the area
of interest. Also, if a minimum recovery of 20% is assigned for the presence of delayed
elastic response, then irrespective of any stress level and temperature, a minimum value of

2000 Pa.s is recommended for #m.
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Table 6.4 Recommended minimum values of nwm for different traffic levels

Type of Grade Traff'fnli‘l'ii\ger:s()ESAL’ J”R’g‘ZKPa“(xiX'mum’ N critical(Min), Pa.s
S <3 4 200
H 3-10 2 800
V 10-30 1 2000
E >30 0.5 4000

6.3.2.2 Modelling using Power law model

The strain response of the binders in creep and recovery were fitted with the Power law
model as described by equation 6.8. It was found that this model gave excellent fit in creep
for all the binders at all temperatures and stress levels. The value of parameter K was found
to be ‘zero’ for all the considered cases. This means that there is no dominance of the elastic
response of the binder at temperatures greater than 40 °C. Figure 6.7 (a-1) shows the plot of
strain versus the shifted time for all the stress levels, and the corresponding superimposed
data calculated using equation 6.1 with respect to 100 Pa as the reference point ‘i’. The jump
in strain was found to be higher when moving from 1 kPa to 3.2 kPa after which the change
in it reduces. Boltzmann superposition principle was found to be applicable for all the
binders at all the temperatures. Deviations were observed for higher stress levels at higher
temperatures. This is an indication of non-linearity at stress levels higher than 5000 Pa. These
deviations were higher for modified binders at 60 °C, especially for PMB (E). Also the
success of superposition implied independence from the effect of number of cycles, at all

temperatures and stresses.
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Figure 6.7(a-l) Validating Boltzmann superposition principle for different bitumen.
(*Sup- Superimposed)
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If Boltzmann superposition is to be valid for both creep and recovery phenomena,

then the recovery could be written as
g [t)=e(t)-e(t-t) (6.11)

Where, the suffix »’ denotes the recovery region and ¢ is the time at which the load is
removed. Applying this principle on the measured data, it was found that the data fitted
poorly for all types of binder. However, good fit were observed for low stress level (100 Pa),
higher temperatures (60 °C) and only for the conventional binders. In Figure 6.8 (a-h), the
marked circles shows the deviation of model fit with measured results. As an example, plot

for VG 30 and PMB (S) is shown for stress levels of 100 Pa and 5000 Pa at 40 °C and 60 °C.
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Figure 6.8(a-h) Power model plot for VG 30 and PMB (S) at 40 °C and 60 °C

6.3.2.3 Modification of Power model in recovery

To remove the small deviations between the modelled and experimental data
observed in the Power law model, a factor %’ was introduced as a multiple of B, for
modelling the recovery domain. The modified expression can be mathematically represented

as
g (t) = At® —A(t-t)®" (6.12)

The factor ‘n’ accounted for the nonlinearity associated with the asphalt binder. For linear
materials the factor will be equal to 1. It was found that the above model gave excellent fit
for all the binders, at all temperatures and stress levels. As an example, the model fit for
PMB (S) and VG 30 is shown Figure 6.9 (a-h). It can be seen that the anomalies in Figure

6.8 are now removed by the application of the new recovery model. Similar results were
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obtained for other binders at all the test temperatures and stress levels as can be seen in Figure
6.10 (i-xxxvi). It was found that the factor B.n (considered as a), correlated well with the Jnr
and excellently with the average % recovery value for all the binders, as shown in Figure
6.11 (a,b). It increased with increase in Jr and decreased with increase in average %
recovery. A high value would indicate poor behavior in rutting. This parameter was further
used to characterize the permanent deformation behavior of asphalt binders corresponding
to different traffic level and temperature. After careful examination of the relationship
between Jnr and the factor o (B.n), maximum values were assigned for different traffic level,
beyond which the performance of the binder will degrade, and will make it rut susceptible.
Table 6.5 presents the assigned values. To achieve a minimum value of 20% recovery, as
recommended by the study, the value of a should never be greater than 0.92, irrespective of

any stress level.
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Figure 6.9(a-h) Modified power model fit for VG 30 and SBS at 40 and 60 °C.
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Figure 6.10 (i-xxxvi) Modified power model fit for all the binders.
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Table 6.5 Recommended maximum values of a for different traffic levels
Traffic Level (ESAL, JnRr,3.2kPa, Maximum, -
Type of Grade millions) KPal @ critical(Max)
S <3 4 1
H 3-10 2 0.97
V 10-30 1 0.94
E >30 0.5 0.91

6.3.2.4 Analysis of parameter B

The parameter B was found to be independent of the stress level at each temperature.

However, it showed a linear relationship with temperature. Table 6.6 presents the average

values obtained for all the type of binders at different test conditions. An interesting fact to

be noted was that, the ratio of their averages, was almost constant irrespective of any

temperature, as can be seen in Table 6.7. The ratio was taken corresponding to VG 10, just

for referencing. This ratio was found to be same as the ratio of the corresponding softening

point for the binders. Figure 6.12 shows the correlation.

Table 6.6 Average values of parameter B at different temperatures

Temp (°C) VG 10 VG 30 PMB (S) PMB (E)
40 0.89 0.86 0.69 0.64
50 0.99 0.96 0.76 0.71
60 1.07 1.04 0.83 0.78
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Temperature (°C) VG 30 PMB (S) PMB (E)
40 0.97 0.78 0.72
50 0.97 0.77 0.72
60 0.97 0.78 0.73

Ratio of B , Model

Correlation of ratio of B with ratio of

11

0.9

0.7

Softening Point

PMB (S)
PMB (E)

0.7

0.9 11
Ratio of Softening Point

Figure 6.12 Correlation of ratio of B with the ratio of softening point.

Appreciating the above mentioned fact, the result can be now mathematically written as

— SI:)k

T~ op kT
v SPW

(6.13)

Where, w is any binder for which the value is to be determined, provided value of B is

known for binder k at temperature T.

6.3.2.5 Analysis of Parameter A

The parameter A was found to be function of both stress level and the temperature. It

was found to obey a power law behavior with respect to the stress level as shown in Figure

6.13 (a-c). Mathematicall

ya
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N represents the dependence of strain on the stress level. For linear behavior it remains close

to 1. It was found close to 1 except for stress levels higher than 5000 Pa.
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Figure 6.13(a-c) Power law fit for A.

Instead of going into the details of too many values obtained for different binders at

various stress levels and temperatures, ratio of A of VG 30, PMB (S) and PMB (E) were

taken with respect to VG 10. For a particular temperature this ratio was found to be invariant

with stress level. Table 6.8 presents the average value obtained for all the binders.
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Table 6.8 Average value of ratio of A taken with respect to VG 10

Temperature (°C) VG 30 PMB (S) PMB (E)
40 1.33 5.11 5.35
50 1.34 6.51 8.43
60 1.44 7.87 17.72

The ratio, at a particular temperature showed excellent correlation with the inverse
of the ratio of Zero Shear Viscosity (ZSV) of the binders. This portrays the temperature
sensitivity of PMBs in comparison to the virgin binders. It can be seen that the increase in
the ratio is higher for PMB (E), especially at higher temperature. At 40 °C the value of PMB
(S) and PMB (E) is almost close to each other, but as the temperature increases, the
corresponding values differ to a very high degree. This shows the shift of behavior of other
binders towards more viscous regime, while EVA maintains a higher degree of stiffness with

increase in temperature. Figure 6.14 (a-c) shows the plot of both the ratios at the three
temperatures studied.

Correlation of ratio of A with ratio of Correlation of ratio of A with ratio of
ZSV, 40 °C ZSV, 50°C
0.8 0.8
VG 30 VG 30
o 0.6 o 0.6
© ©
= =
<_ 04 - 04
<
5 ., PMB (E) 5, |PMB(E)
e U PMB (S o U
b= ©) = PMB (S)
14 o
0 0
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
1/Ratio of ZSV 1/Ratio of ZSV
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Figure 6.14(a-c) Correlation of ratio of A with inverse ratio of ZSV.

The result can hence be summarized as

25V
[Ar] =2 As (6.15)

So, if the value of A and B for any binder ‘k’ is known, the corresponding values for any

other binder ‘y ’ can be calculated using the above relationship.

The whole model of creep can now be written as

[ZsV],, = o

[e®), , = Zsv], At (6.16)

6.3.2.6 Analysis of Parameter a

The parameter B.n (considered as ) was found to have similar correlation as the

factor B. so, the factor a could be written as
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a,; =—a, (6.17)
The model of recovery for any binder vy, provided the model parameters of binder k

is known, can be written as

[ZsV wm [Z8V] =

( . (?)ak
[g(t)]T,ai,w:ﬁAth —W'Am(t—t) ’ (6.18)

—_—

6.3.3 Variation of fatigue life with strain

Figure 6.15 (a-c) shows the comparison of fatigue lives for all the binders at the three
temperatures considered in the study. It can be seen that PMB (S) outperforms all the binders
irrespective of any test temperatures. At 10 and 20 °C, for low strain levels, PMB (E) had
higher fatigue life than VG 10 and VG 30. As the strain level increased (typically after 10%)
the fatigue life decreased steeply for PMB (E), giving lower values than the conventional
binders. This describes the higher strain susceptibility for plastomeric PMB (E). Due to
higher stiffness at lower temperature, PMB (E) tends to undergo brittle failure when strained
to higher strain amplitudes. This is attributed to the crystalline nature of the polyethylene
segment in EVA, which imparts brittle nature to the binder at lower temperatures. However
at 30 °C, the fatigue life of PMB (E) was found to be higher than VG 30. The conventional
binders displayed interesting behavior. VG 10 and VG 30 had lower fatigue lives at lower
strain amplitudes. But the rate of decrease in fatigue life with increase in strain level was
lower than the polymer modified binders. VG 10 had the lowest strain susceptibility and gave
better results than PMB (E) and VG 30 at higher strain amplitudes. As can be seen in Table
5.1 that the true intermediate temperature, for G*.sino to be lower than 5000 kPa, is lowest
for PMB (E), indicating that it would perform better than all other binders. This is in contrary
to the ranking of binder as demonstrated by LAS test results. Moreover, in the traditional
method, the wide spectrum of fatigue behavior with change in strain level cannot be
evaluated. Hence LAS test is a better way of judging the relative fatigue performance of
different binders. Figure 6.16 (a-1) shows the stress strain curve generated through the

amplitude sweep test. It can be seen that the slope of the curve first increases and after
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reaching a particular strain level it starts decreasing indicating fatigue failure of the asphalt
binder. The strain at which the slope decreases is found to be binder and temperature
dependent. A higher area under the stress strain curve is an indication of better performance
in fatigue. For all the binders this area increases with increase in temperature. Moreover for
PMB (S), the wide areal distribution at all the temperatures indicates its superiority over
other binders in fatigue. The damage intensity curve fit as described by equation 2.41 in
chapter 2 is also presented in Figure 6.17 (a-l). It is found that the experimental data and the
curve fit simulated using the equation are in good agreement with each other. This is an

indication of the accuracy of LAS test in simulating the damage growth in asphalt binders
6.3.3.1 Analysis of test parameters

The fatigue life for all the binders using LAS method was found to be sensible to the
value of a and A. A lower value of « and a higher value of A is desirable for superior
performance in fatigue. ‘e’ indicates the rate of reduction in fatigue life with increase in
strain amplitude. A lower value would indicate lower strain susceptibility. In general, a
decreases and A increases with increase in temperature for all the binders. But the change in
the respective values with change in temperature is different for each binder. Also, it is
observed that the value of « has dependence on the stiffness of binder. The value increased
with increase in stiffness, with PMB (E) having the highest value. Table 6.9 presents the

values of the A and « at all the test temperatures.
6.3.3.2 Effect of temperature on fatigue life

Variation of fatigue life with temperature was also evaluated corresponding to two
different strain levels as can be seen in Figure 6.18 (a,b). Usually, it is assumed that the strain
in the binder is about 50 times than that in the mixture [107]. Hence the fatigue life at two
strain levels were evaluated for comparison. 2.5% and 5% corresponding to 500 micro strain
and 1000 micro strain was reported. In general, the fatigue life increase with increase in
temperature for all the binders. The increase in fatigue life with increase in temperature was

highest for VG 10, indicating higher temperature susceptibility.

230



Performance Evaluation of Asphalt Binders

1000000

100000

10000

1000

100

10

Fatigue Life, (Traffic Indicator)

0.1

Fatigue Life, 10 °C

—4—VG30 —<&—PMBS —8-PMBE —%—VG10

10

Strain, %

a

1000000

100000 T

10000

1000

100

10

Fatigue Life, (Traffic Indicator)

0.1

Fatigue Life, 20 °C

—4—VG30 ——PMBS —8-PMBE —>—VGI10

10

Strain, %

b

231



Performance Evaluation of Asphalt Binders

10000000 Ftaigue Life, 30 °C
1000000 ¥
j .
o
©
2 100000 4
e]
=
& 10000
°
-
7 1000
&2
=
L 100
2
ks
L 10
—4—VG30 ——PMBS —8-PMBE —+—VG10
1
1 Strain, % 10
C
Figure 6.15 (a-c) Variation of fatigue life at different temperatures.
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Figure 6.16(a-1) Stress strain curve from amplitude sweep test
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Figure 6.18(a, b) Variation of fatigue life with temperature at two different strain levels.

Table 6.9 Values of fatigue parameter o and A

. o A
Binders
10°C 20 °C 30 °C 10 °C 20 °C 30 °C
VG 10 1.6048405 1.4582551 0.3822351 16892.32 37431.015 65396.962
VG 30 1.7922338 1.6402502 0.3409223 47259.719 54534.01 83388.288

PMB (S) 1.8680149 1.8391338 0.2876897 148400.75 378251.85 1279936.4

PMB (E) 2.0018136 1.8236637 0.2922775 147129.68 132799.17 702093.28

6.4 Conclusions

The study focused on quantifying and comparing the performance of different
conventional and polymer modified binders using MSCR and LAS tests at a temperature

range of 10- 60 °C. The effect of stress/strain levels on the test parameters was also evaluated.

It was found that the conventional binders are highly sensitive to change in stress
level and temperatures and are not suitable at locations with extreme temperature and loading
conditions. The average percent recovery of modified binders were subsequently higher than
the conventional binders. PMB (S) showed higher recovery than PMB (E) at 60 °C for higher
stress levels, attributed to the highly elastic network, which increases the flexibility of the

bitumen.

Burger’s model was found to be weak in characterizing the delayed elastic response

of modified bitumen. The model parameter #m had good correlation with the unrecoverable
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creep compliance Jnr and the average % recovery. The value of #u was affected by the level
of stress only after a certain temperature. This temperature was binder specific and was found
to be the point from where the viscous flow dominates. The Boltzmann superposition was
not valid for recovery portion of MSCR test. The deviations mainly occurred at lower stress
levels and temperatures. The power law was modified to include the nonlinearity associated
with bitumen. The factor « correlated well with the J.r and average % recovery. Critical
values of nv and « were assigned, which should be achieved at the desired temperature of
study. This temperature should correspond to the maximum average temperature of the study
area. A minimum value of 2000 Pa.s and a maximum value of 0.92 was assigned for Jnr and

a, SO as to trace the presence of delayed elastic response in any bitumen.

The parameter B of the power law model showed a linear relationship with
temperature. The ratio of the averages, was almost constant irrespective of any temperature.
The ratio was found to be same as the ratio of the corresponding softening point for the
binders. The parameter A was found to be function of both stress level and the temperature.
It displayed a power law behavior with respect to the stress level. For a particular temperature
the ratio of A was found to be invariant with stress level. This ratio was at a particular
temperature showed excellent correlation with the inverse of the ratio of Zero Shear
Viscosity (ZSV) of the binders. The parameter B.n (considered as «) in the recovery model
was found to have similar correlation as the factor B. The equations relating the model
parameters with the intrinsic binder properties is presented and could be very useful to
establish the creep and recovery behavior of any binder through simple measurements of

conventional properties.

LAS test was found to be more practical than the existing intermediate performance
criteria of G*.sino. By LAS test it was possible to evaluate the complex behavior of the
binder at a wide range of loading level. Elastomeric polymer modified binder (PMB (S))
displayed the highest fatigue life at all the test temperatures. PMB (E) was found to
susceptible to strain amplitudes at 10 and 20 °C at which the performance degraded at higher
strain levels. VG 10 and VG 30 had lower fatigue lives at lower strain amplitudes. But the
rate of decrease in fatigue life with increase in strain level was lower than the modified

binders. VG 10 had the lowest strain susceptibility and gave better results than PMB (E) and
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VG 30 at higher strain amplitudes. However at 30 °C PMB (E) performed better than the
conventional binders. A lower value of o and a higher value of A is desirable for superior
performance in fatigue. The increase in fatigue life with increase in temperature was found
to be highest for VG 10.

PMB (S) gave the best overall performance in both the test methods. PMB (E),
though performs well at higher temperature, but at intermediate pavement temperature it may
be susceptible to fatigue cracking attributed to higher sensitivity to strain amplitudes. Among
the conventional binders both VG 10 and VG 30 were found to be suitable for resisting
fatigue cracking at intermediate pavement temperatures. Nevertheless, at higher
temperatures both VG 10 and VG 30 showed poor performance. These detailed information
about the performance of the binders are impeded in the traditional Superpave performance
criteria. Hence the study finds both LAS and MSCR to be more fundamental in
characterizing the rutting and fatigue performance of asphalt binders. It has to be mentioned
that the results of this study are based solely on binder testing and must be verified using

validation with mixture performance testing.
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Chapter 7

Marshall Mix Design of Bituminous Mixes

7.1 Introduction

The experimental program included in this research was aimed to study the effect of
SBS and EVA on the mechanical properties of asphalt concrete mixtures. This chapter
provides detailed information about raw materials (used to prepare specimens) such as:
aggregates and type of mix used in this research. The mix design procedure along with the
calculation of optimum binder content is also described. In addition, this chapter presents the
results of tests carried out on Marshall Specimens for evaluating the strength characteristics

of different asphalt mixes.

Asphalt concrete mix design methods attempt to balance the composition of
aggregate and asphalt binder to achieve long lasting performance in a pavement structure
[142]. It is known that asphalt concrete mixture consists primarily of mineral aggregates,
asphalt cement, and air. The main purpose of a mix design is to produce mixtures with high
resistance to deformation and cracking. In addition, for the wearing surface, it is also
necessary to provide surface texture and skid resistance. The properties of the produced
mixtures depend on the physical and chemical properties of the used materials. Each of the
component materials needs to be carefully selected and controlled to ensure that they are of

a suitable quality for the asphalt mixtures and the expected performance [113].
7.2 Materials
7.2.1 Aggregates

Aggregates are the building blocks of the pavement structure. The pavement
undergoes large amount of abrasive action and stress from moving loads (traffic) during its
life time. For acceptable functioning of the pavement, the road aggregates should possess
better engineering properties. Various tests were performed in the study to assess the quality
of aggregates. Following are the description of the tests performed on the aggregates.
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7.2.1.1 Water absorption and aggregate specific gravity

The porosity of the aggregates can be judged from water absorption test. Highly
porous aggregates are unacceptable for the pavements and tends to degrade its performance.
Specific gravity is also one of the important properties of aggregates. It finds it main use in
determination of volumetric properties of asphalt mixture. Specific gravity also gives an
indication of strength of aggregates. This test was performed following the procedure laid
out in with IS: 2386 (part I11) - 1963.

7.2.1.2 Aggregate impact test

The toughness of the road aggregates is determined using the aggregate impact test.
This test is a measure of resistance of the aggregates to breakdown under the impact of heavy

loads/traffic. Test procedure given in IS: 2386 (part 1V) — 1963 was adopted.
7.2.1.3 Crushing test of aggregate

Road aggregates should be capable enough to resist the crushing load imposed by
heavy vehicles. This resistance to crushing of aggregates under the influence of gradually
applied compressive load is represented as “Aggregate Crushing Value”. Procedure laid out
in IS: 2386 (part IV) — 1963 was used in this study. ‘Ten percent fine value’ is used if
aggregate crushing value is found to be 30% or higher.

7.2.1.4 Test for flakiness and elongation index

Better interlocking between aggregates can be achieved using angular aggregates.
Flakiness and elongation index describes the shape of the aggregates. IS: 2386 (part I) — 1963
was adopted for conducting this test. Determination of the combined index has been
suggested by MORT&H.

Table 7.1 presents the results obtained for the aggregates used in the study.

244



Marshall Mix Design of Bituminous Mixes

Table 7.1 Properties of the aggregates used in the study

Parameters ?&egg?%i&? Test result
Water absorption Max. 2% 0.6%
Specific gravity (CA)? - 2.702
Specific gravity (FA)? - 2.711
Specific gravity (filler) - 2.720
Impact value of aggregate Max. 18% 12.8 %
Los Angeles abrasion value Max. 25% 14.7 %
Crushing value of aggregate - 15.3 %
Combined flak?ness and Max. 30% 215 0%
elongation index

1CA= coarse aggregate, °FA= fine aggregate.

7.2.2 Bitumen

Four different bitumen, viz. VG 10, VG 30, PMB (S) and PMB (E) were used to
prepare all the mixes. The properties of these binders have already been discussed in Chapter
5.

7.2.3 Aggregate Gradation

Three gradations, viz. bituminous concrete (BC), dense bituminous macadam (DBM)
and stone mastic asphalt (SMA) were adopted in the study. The requirements for these
gradations are as per MORT&H. BC and DBM are amongst the most commonly used dense
graded mixes in India for the surface and binder courses respectively. SMA on the other
hand, is a gap-graded mix used as a wearing course with high rut resistant properties.
Typically, SMA is used at places with extreme conditions of temperature and loading. Table
7.2 and Figure 7.1 demonstrate the mid-point aggregate size distribution for the respective
mixes. For SMA, the draindown test was carried out using all the binders. Owing to the gap
gradation, the binders in SMA are susceptible to flow out of the mix at high handling
temperatures (near about 163 °C). This phenomena is known as draindown which as per
specification outlined in IRC SP-79 2008 [79] should be less than 0.3%. In the draindown

test, about 1200 + 200 g of freshly prepared un-compacted asphalt mix is transferred to a
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pre-weighted wire basket. The sample is not consolidated while transferring. The basket is
transferred to an oven maintained at 175 °C and placed over an empty catch plate for 1 hr.
After the specified time the basket is removed from the oven and the value of the drain down
is calculated using equation 7.1, expressed as a percentage of the original weight of the

sample.

Draindown (%) = E—_f\.loo (7.1)

Where, A = mass of empty wire basket, gm; B = mass of basket with the bituminous mix,
gm; C = mass of the empty catch plate, gm and D = mass of the drained material plus the

catch plate.

Drain down test was carried out using Schellenberg method. It was found that, only
the modified binders (PMB (S) and PMB (E)) satisfied the maximum draindown criteria. So
VG 10 and VG 30 were not used for preparing SMA samples. Table 7.3 presents the results

of the draindown test.

Table 7.2 Gradation of aggregates adopted in this study

Cumulative % passing by weight
IS Sieve size BC | DBM | SMA
(mm) NMAS (mm)
19 26.5 19
375 100 100 100
26.5 100 95 100
19 95 83 95
13.2 69 68 57.5
9.5 62 - 42.5
4.75 45 46 24
2.36 36 35 20
1.18 27 - 17
0.600 21 - 15
0.300 15 14 15
0.150 9 - -
0.075 5 5 10
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Figure 7.1 Aggregate gradation adopted in the study.

Table 7.3 Drain down test results

Type of mix Draindown in SMA (%)
Type of binder VG 10 VG 30 PMB (S) PMB (E)
Drain down (%), max 0.3 0.57 0.43 0.28 0.26

7.3 Tests on Bituminous Mixes

7.3.1 Volumetrics of mix design

Determination of various volumetric parameter of a bituminous mixture play a vital

role in characterizing the performance of the mix. The probable durability and strength of

the asphalt mixes used in the study were determined through the analysis of various mix

volumetric parameters including maximum theoretical specific gravity, Gmm, the bulk

specific gravity of the asphalt mix, Gmp, percent air voids bin the total mix, Vv, percentage

volume of bitumen, Vy, voids in mineral aggregates, VMA and voids filled with bitumen,

VFB. The phase diagram showing various weight and volumetric components of a standard

asphalt mix can be seen in Figure 7.2. Inaccurate determination of these volumetric

parameter while designing an asphalt mixture may impose negative impact on its in-service

performance.
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Figure 7.2 Phase diagram of a bituminous mix

7.3.1.1 Theoretical maximum specific gravity of the asphalt mix, (Gmm)

Theoretical specific gravity Gmm, is the specific gravity without considering air voids,

and is given by:

— 7.2
Con “W, W, W, W, 72
GC f d b

Where,

W1 is the total weight of the coarse aggregates

W5 is the total weight of the fine aggregates

W3 is the mass of the fillers

W represents the weight of the bitumen

Gc represents the apparent specific gravity of the coarse aggregates
Gt denotes the apparent specific gravity of fine aggregates

Gad denotes the apparent specific gravity of filler

G represents the apparent specific gravity of bitumen.
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7.3.1.2 Bulk specific gravity of the asphalt mix, (Gmb)

The bulk specific gravity (also known as the actual specific gravity) of the asphalt
mix, Gmn, IS the specific gravity including the air voids and is calculated using the following
formulae:

Wm a

G, =_—_""ma
mb Wma _me

(7.3)

Where, Wna is the weight of bituminous mix sample in air, Wnw is the weight of the asphalt
mix suspended in water and (Wma- Wmw) IS a representation of the volume of the asphalt mix
sample. Sometimes when the surface air voids is more (as in stone mastic asphalt), the
specimen is coated with thin film of paraffin wax, for accurate calculation of the specific

gravity. This however requires considering the volume and weight of wax in the calculations.

7.3.1.3 Percentage volume of bitumen in the asphalt mix (V)

The volume of bitumen Vy, , expressed as a percentage of the total volume is given
by:
W,
(&)
V, = b

b (W1 +W, +W, +W,
G

(7.4)

)

mb

Where, Wy is the weight of bitumen in the total mix, Gy is the apparent specific gravity of
bitumen, W1 , W, and W3 are the weight of coarse aggregate, fine aggregate and filler in the

total mix, and Gmp is the bulk specific gravity of mix.
7.3.1.4 Voids in mineral aggregates (VMA)

Voids in mineral aggregates (VMA) can be defined as the volume of intergranular
void space between the aggregate particles of a compacted paving mixture that includes the
air voids and volume of the asphalt not absorbed into the aggregates.

It is calculated as the sum of air voids and volume of bitumen. Mathematically it can be
expressed as

VMA= V, + V, (7.5)
Where
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VMA = voids in the mineral aggregates (% of bulk volume).
Vy = air voids in the mix expressed as percentage, and

Vb = percent bitumen content in the mix

VMA is the total volume of voids within the mass of the compacted aggregate. This
total amount of voids significantly affects the performance of a mixture because if the VMA
is too small, the mix may suffer durability problems, and if the VMA is too large, the mix
may show stability problems and be uneconomical to produce. Normally as the maximum
particle size decreases, the minimum VMA increases. This occurs because the total void space
between small particles is greater than that between large particles [142]. Therefore, the
optimum asphalt content for a dense-graded aggregate mixture with a maximum aggregate
size of 2 inches (50 mm) may be as low as 3.0 to 3.5 percent while for a 3/8 inch (9.5 mm)
maximum aggregate size the asphalt content may be as high as 7.0 to 7.5 percent. The VMA
for any given mix must be sufficiently high to ensure that there is room for the asphalt cement
plus the required air voids.

The VMA has two components: the volume of the voids that is filled with asphalt and
the volume of voids remaining after compaction that is available for thermal expansion of
asphalt cement during hot weather. The volume of the asphalt cement is critical for durability
of the asphalt mixture. This asphalt cement volume along with the aggregate gradation
determines the thickness of the asphalt film around each aggregate particle. Without adequate
film thickness, the asphalt cement can be oxidized faster, the films are more easily penetrated
by water, and the tensile strength of the mixtures are adversely affected. Normally, the VMA
decreases with increase in asphalt content to a minimum value. After a certain point with the
increase in asphalt content, the VMA starts increasing because of the displacement of
relatively more dense material (aggregates) which is pushed apart by the bitumen which is a
less dense material. The asphalt content on the “wet” side of VMA curve is usually avoided,
even if the criteria for minimum air void and VMA is met [161]. Plastic flow and bleeding is

likely to occur in field conditions if the design asphalt contents in this range is used.
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7.3.1.5 Air voids, Vv

The volume of the small air pockets within the coated particles of aggregates in a compacted
asphalt mixture is called the air voids which is expressed as a percentage of the bulk volume

of the mixture. Mathematically it can be written as:

V, = 100.(Gpm— G,y )/Gmm (7.6)

Where,
Vv = percent air voids in the compacted mixture.
Gmm = Theoretical maximum specific gravity of the asphalt mix.

Gmb = Bulk specific gravity of the compacted asphalt mix.

The air voids in the compacted dense-graded HMA specimen at optimum asphalt
content are suggested by most agencies to lie between 3 and 5 percent. There are a number
of reasons for recommending this void content range. However, this air void content is for
laboratory compacted samples and should not be confused with field compacted samples.
This void content must be approached during construction through the application of
compactive effort and not by adding asphalt cement to fill up the voids [142]. HMA
pavement layers transfer the load from the surface to underlying layers through intergranular
contact and resistance to flow of the binder matrix; therefore, high shear resistance must be
developed in the HMA layers if adequate performance is to be achieved. This high shear
resistance must be present to prevent additional compaction under traffic which could result
in rutting in the wheel paths or flushing and bleeding of the asphalt cement at the surface.

In addition, the dense-graded HMA wearing course must provide a surface that is
relatively impermeable to both air and water. If the in-place air void content is only slightly
higher than the 3 to 5 percent range, both the air and water permeabilities should be quite
low-because the voids which are present are not interconnected but rather are isolated
individual voids within the aggregate and asphalt mass. Low air void contents minimize the
aging of the asphalt cement films within the aggregate mass and also minimize the possibility
that water can get into the mix, penetrate the thin asphalt cement film, and strip the asphalt
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cement off the aggregates. It is very important that the HMA be compacted to a laboratory
density that approximates the ultimate density achieved under traffic and at the same time
have an air void content in the 3 to 5 percent range. The in-place air void content should
initially be slightly higher than 3 to 5 percent to allow for some additional compaction. In

this study the air void content of the asphalt mix was set to 4%.

7.3.1.6 Voids filled with bitumen (VFB)

Voids filled with bitumen is the volume of the inter-granular void space which is
effectively occupied by bitumen. This mean that it is the total volume voids minus the air
voids. It is expressed as a percentage of VMA of the mix. Mathematically it can be

represented as:

VFB :100.% (7.7)

Where,
VFB = voids filled with bitumen, expressed as percentage of VMA.
VMA = voids in the mineral aggregates as described above.

Vv = air voids in the compacted sample of asphalt mix.

The specification ranges of the values of different volumetric parameters and their values as
obtained in the study are discussed in the following sections.

7.3.2 Preparation of Mixes

All the bituminous mixes in the study were prepared using Marshall mix design
procedure. The procedure as recommended by National Association of Pavement
Association (NAPA) was adopted for the evaluation of the optimum binder content (OBC)
[142]. According to the method, the binder content corresponding to 4% air void (by weight
of the mix) is determined first and this binder content is adopted for the determination of
Marshall stability, voids in mineral aggregates (VMA), flow and percent voids filled with
bitumen (VFB). The values so obtained are compared with the specified value corresponding

to that property. If all the values are found to be within the range of specification, the asphalt
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content corresponding to 4 percent air void is considered to be the optimum. After
determination of the OBC corresponding to 4% air void, three more samples at that binder

content were prepared for Marshall testing.
7.3.3 Marshall Mix Design of Bituminous Mixtures

For the determination of the optimum binder content of the mixes considered in this
study, Marshall mix design procedure was followed. Procedure stated in Asphalt Institute
MS-2 is considered. About 1200 g of aggregate (of the desired gradation) is taken and mixed
with the different percentage of bitumen. The aggregate and bitumen is heated to the required
temperature such that at no time the difference between their temperatures exceeds 14°C.
The mixing is done at a suitable predetermined temperature for the preparation one Marshall
sample. The mixture is then transferred to a pre-heated Marshall mould having a height of
63.5 mm and diameter of 102 mm. A mechanical hammer of standard weight is used to
compact the sample at a suitable compaction temperature. The preheated hammer was placed
in position and the mix was compacted by applying 75 blows on each face for BC and DBM.
For SMA, 50 blows of Marshall compaction was provided. It was found that additional
compaction result in breaking of aggregate particles. Samples were prepared at five different
binder content for each type of mix. Three identical samples were prepared at each binder

content. The compacted samples were allowed to cool at room temperature overnight.

The extracted samples were used for the determination of the bulk specific gravity
(Gmp) as per ASTM D1188 (for BC & DBM) or ASTM D2726 (for SMA). The samples were
then transferred to a pre-heated water bath having a temperature of 60 °C for 30 to 40
minutes. Marshall Stability and flow test was performed on these samples following the
specification laid out in ASTM D6927. According to the test procedure, the Marshall sample
is placed below the Marshall testing head. Compressive load is applied at a constant rate of
51 mm/minutes until the failure of the specimen. Marshall stability is the value of the
maximum load at failure while the flow value the amount of deformation undergone by the
sample as given by the reading of the flow meter. The tested sample is loosened by
application of heat and is used for the determination of the theoretical maximum specific
gravity (Gmm) as per ASTM D2041. Similarly the whole procedure is repeated at other binder

contents and a series of Marshall stability, flow, Gmm, Gmb, percent air voids (Va), and density
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values were obtained. Separate graphical plots of each parameter was made against different
binder contents. In this study the binder content with respect to 4 % air void was considered
as the optimum and the other obtained parameters like VMA, stability, unit weight, and flow
values were checked to be under the specified limits as per MORT&H. Table 7.4 shows the
required specifications of the mixes as per MORT&H. It has to be mentioned that the
requirements of minimum binder content mentioned in MoRT&H are for aggregates having
specific gravity of 2.7. For higher specific gravity binder content has to be reduced
proportionately. The requirement of minimum VMA are based on nominal maximum size of
the aggregate and varies as per grade of the mix. Figure 7.3 (a and b) shows some of the
representative Marshall samples obtained in the study. Figure 7.4 presents the laboratory

experimental setup for conducting the test.

Table 7.4 Requirements of mix design as per MORT&H

Type of Asphalt Mix

Parameters
BC DBM SMA
Level of compaction 75 blows on each face 50 blows on each face
Percent binder content (by wt. of mix) 5.2% 4.5% 5.8%
Percent air void content 3-5% 4%

. . 900 (Viscosity graded binder)
Stability (minimum), at 60 °C (Kg) o ] -
1200 (modified binder)

2 — 4 (Viscosity graded binder)
Marshall Flow (mm) e . B
2.5 — 4 (modified binder)

Voids filled with bitumen (%) 65-75 -

Percent VMA (minimum) 12 17

2-5 for viscosity grade binder

Marshall quotient
2.5-5 for modified binder
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Figure 7.3 (a) Marshall Samples of BC, DBM & SMA; (b) Wax coated SMA mixes

Figure 7.4 Marshall stability and flow test

7.3.3.1 Stability correction

The standard specification of the height of the Marshall specimen is 63.5 mm. It may
happen that during lab compaction the height of the compacted specimen deviate from the
standard height. To reduce the effect of this height variation on the stability values, correction
factors should be applied to the measured values. The factors which are needed to be

multiplied are stated in Table 7.5.
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Table 7.5 Correction factors for Marshall stability values

Volume of the specimen | Thickness of the specimen )
) (mm) Correction factor
457 - 470 57.1 1.19
471 - 482 68.7 1.14
483 - 495 60.3 1.09
496 - 508 61.9 1.04
509 - 522 63.5 1.00
523 - 535 65.1 0.96
536 - 546 66.7 0.93
547 - 559 68.3 0.89
560 - 573 69.9 0.86

Table 7.6 presents the result of the optimum binder content and the corresponding Marshall
mix parameters. The stability of mixes prepared with modified binders were higher than
those prepared with conventional binders. Figure 7.5 presents the graphical representation of
the Marshall stability and flow values obtained in the study. Amongst different mixes, SMA
had the lowest stability values attributed to higher VMA and binder content. PMB (S) had
25% higher stability values than VG 10 for BC and 23% for DBM. Mixes prepared with
PMB (E) showed 34% and 35% higher stability values for BC and DBM as compared to the
mixes prepared using VG 10. A comparison with VG 30 showed that PMB (S) had 18 % and
12 % higher stability values for BC and DBM, while PMB (E) gave 26 and 22% higher
values respectively. Use of PMB (E) for SMA mixtures yielded a 7% increment in stability
when compared with PMB (S).

Table 7.6 Marshall mix design results

Mix BC DBM SMA
Propertie
PMB PMB PMB PMB PMB PMB
S VG 10 VG 30 VG 10 VG 30
(S) (E) S) (E) S) (E)

Gy 2.712 2.712 2.710
Gy 1.02 1.02 1.03 1.04 1.02 1.02 1.03 1.04 1.03 1.04
Gmo 2.454 2.458 2.451 2.452 2.455 2.458 2.462 2.459 2.324 2.325
Gmm 2.556 2.562 2.554 2.556 2.558 2.561 2.565 2.561 2.422 2.423
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OBC, % 49 5.1 5.1 51 4.7 4.7 4.8 4.8 6.7 6.7
Va % 3.99 4.06 4.03 4.07 4.03 4.02 4.02 3.98 4.05 4.04
VMA, % 13.9 14.0 14.2 14.2 13.7 13.6 13.6 13.7 20.0 19.9
VFB, % 71.4 71.0 71.7 71.3 70.7 70.5 70.4 70.9 79.8 79.7
Stability,
K 1255.6 1333.7 1576.3 1684.4 1157.8 1273.1 1424.7 1561.9 990 1060.9
g
Flow,
3.1 2.9 3.2 34 3.6 34 3.1 3.1 3.8 3.7
mm
Marshall
) 4.1 4.7 49 49 3.3 3.7 4.7 5.1 2.5 2.7
quotient
ez Stability =--=-=Flow
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Figure 7.5 Graphical representation of Marshall stability and flow values

7.3.4 Retained Marshall stability test

The durability of an asphalt mixture can be indirectly assessed by its susceptibility to
moisture. Retained Marshall Stability test was carried out to evaluate the susceptibility of the
asphalt mixes to moisture. For each type of mix six different specimens having the same bulk
specific were prepared and divided into two groups having three specimens. Group 1
specimens were subjected to conditioning by immersing them in a water bath maintained at
60 °C for a period of 24 hours. On the other hand, specimens of group two were kept

unconditioned following the normal immersing of specimens for 30 minutes at a temperature
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of 60 °C. All the samples were tested in a Marshall stability testing machine until failure by
application of load at a constant deformation rate of 51 mm per minute. The average stability
values for each group was calculated and the retained Marshall stability were determined
using the following equations.

Marshall Stability of conditioned specimen

Retained Stability= Marshall Stability of standard specimen

100 (7.8)

Presence of moisture in a bituminous mix can lead to early failure of flexible pavements and
can be a major hazard. The durability of asphalt mixture can also be evaluated by studying
the susceptibility of asphalt mixtures to moisture. The loss of adhesion between the bitumen
and aggregates was studied by utilising the retained Marshall stability test. A higher value of
retained Marshall stability indicates lower moisture susceptibility and vice-versa. Table 7.7

presents the result of the retained Marshall stability.

Table 7.7 Retained stability of mixes

_ _ Stability (kg) Retained
Mix Binder type -
Standard | Conditioned | stability (%)
VG-10 1255.63 1013.41 80.71
VG-30 1333.75 1176.50 88.21
BC
PMB (S) 1576.25 1451.25 92.07
PMB (E) 1684.38 1632.83 96.94
VG-10 1157.81 901.36 77.85
VG-30 1273.13 1046.76 82.22
DBM
PMB (S) 1424.69 1294.33 90.85
PMB (E) 1561.88 1479.72 94.74
PMB (S) 990.00 848.53 85.71
SMA
PMB (E) 1060.94 932.88 87.93
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Figure 7.6 Retained satiability of the mixes

Results clearly showed that mixes prepared using modified binders had higher
retained Marshall stability than the conventional binder implying that the modified binders
are less susceptible to moisture damage. Of all the three mixes, BC with PMB (E) had the
best retained Marshall stability. In case of DBM mix prepared using VG10, retained stability
value was less than 80 %, so it is not suitable for use in heavy rainfall areas. Figure 7.6
compares the retained Marshall stability values of the different mixes prepared using

conventional and modified binders.

The retained Marshall stability values were found to be higher for mixes prepared
with modified binders. Moreover, amongst all the mixes, SMA had the highest retained
stability value. Two outcomes can be derived from this observation. First, the modified
binders have lower temperature susceptibility and secondly higher binder content (as in SMA
mixes) tends to increase the film thickness making the mix more durable and resistant to

moisture damage.

7.3.5 Indirect tensile strength (ITS) test

Indirect Tensile Test (ASTM D 6931-12) involves the application of load to a

cylindrical specimen along its vertical diametrical plane as shown in Figure 7.7 (a). Load is
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applied through two curved strips whose radius of curvature is the same as that of the
specimen. A nearly uniform tensile stress is developed normal to the direction of the applied
load along the same vertical plane causing the specimen to fail by splitting along the vertical
diameter as represented in Figure 7.7 (b).

a b
Figure 7.7 Load Configurations and Failure of the Specimen in Indirect Tensile Strength
Test

Indirect tensile strength test procedure consists of applying a load along cylindrical
specimen’s diametrical axis at a fixed deformation rate of 5.1cm/min until failure and
determining the total vertical load at failure of the specimen at 25 °C. Failure is defined as
the point after which there is no increase in load. While conducting this test it should be
ensured that two loading strips remain parallel to each other during testing. ITS test was

carried out using a 12.7 mm wide loading strip in a Marshall testing head until failure.

The maximum load sustained by the specimen is used to calculate the indirect tensile strength
with the help of the following expression.

oF
Sr= 3.14(hd) (7.9)

Where:-

St = Indirect tensile strength,
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F = Total applied vertical load at failure, N.
h = Height of specimen, mm.
d = Diameter of specimen, mm.

The use of indirect tensile strength test could be appreciated in assessing the tensile
properties of the asphalt mixes which can be correlated with the cracking of the pavement.
A high value of indirect tensile strength is an indication of higher resistance to low
temperature cracking. Moreover, a higher value of indirect tensile strength at failure would
also imply that the asphalt mix is capable of withstanding larger tensile strains prior to

cracking.

Figure 7.8 and Table 7.8 presents the ITS results for the three types of mixes prepared using
different binders. The results revealed that, modified binders have higher values as compared
to mixes prepared with conventional binders. Dense graded mixes such as BC displayed
higher values as compared to gap- graded SMA. Though the ITS values for BC and DBM
mixes are higher than SMA, they will develop cracks due to lower binder content. It is hence
necessary to determine the resistance to cracking for different mixes from repeated bending
test. The tensile strength ratio (TSR) values were also plotted on the secondary axis.
MoRT&H requires a minimum of 80% TSR to make the mix resistive to moisture damage.
Marshall stability of compacted specimens was determined after conditioning them by
keeping in water maintained at 60 °C for 24 h prior to testing. This stability, expressed as
percentage of the stability of Marshall specimens determined under standard conditions, is
the retained stability of the mix. Tensile strength ratio (TSR) is the average static indirect
tensile strength of the conditioned specimens expressed as percentage of the average static
indirect tensile strength of unconditioned specimens. Conditioning was done by keeping the
specimens in water maintained at 60 °C for 24 h and by curing at 25 °C for 2 h before
commencing the test. The test was conducted at 25 °C. Modified binders were found to be
least susceptible to moisture damage. The minimum specification criteria of 80% TSR was
not satisfied for mixes prepared with VG 10. For DBM, VG 30 also displayed slightly lower
value than the minimum required. Hence for these mixes anti-stripping agent should be used

to protect it from being vulnerable to moisture effects.
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Figure 7.8 ITS and TSR values for different mixes
Table 7.8 Indirect Tensile Strength of mixes
) ) Indirect Tensile Strength @ 25°C
Mix Type Binder Type
(kPa)
VG-10 814.15
VG-30
BC 949.74
PMB (S) 1237.54
PMB (E) 1395.68
VG-10 755.99
VG-30
DBM 872.30
PMB (S) 1110.85
PMB (E) 1279.37
PMB (S
SMA (S) 748.28
PMB (E) 959.53

7.3.6 Asphalt Film Thickness

For the calculation of asphalt film thickness of different asphalt mixes, surface area
method as proposed by Kandhal et. al. ([142]) was used in the study. The equivalent surface
area of different aggregate sizes was calculated using the surface area factor for each sieve
size. Using the effective volume of bitumen/kilogram of aggregate, the asphalt film thickness

was evaluated as follows:
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effective volume of bitumen per Kg of aggregate

surface area of the mix gradation

(7.10)

The following surface area factors given in Asphalt Institute (MS-2) were used in this study.

Table 7.9 Surface area factors

(m?/kg)

) Maximum
IS Sieve .
size of 4.75 2.36 1.18 0.600 0.300 0.150 0.075
(mm)
aggregate
Surface
area factor 0.41 0.41 0.82 1.64 2.87 6.14 12.29 32.77

A minimum film thickness of 8 um has been reported in many studies for production of a

durable asphalt mix. An effort was made in this study for the determination of the asphalt

film thickness of different asphalt mixes. Table 7.10 presents the calculation of the surface

area factors for different mixes. Figure 7.9 shows the variation of film thickness with

variation of binder content for all the mixes used in the study. The film thickness at the design

asphalt content is also depicted in Table 7.11. Evidently all the mixes prepared in this study

had a film thickness above 8 p, indicating that all the mixes would perform satisfactorily

with respect to durability. As can be seen in the table that SMA has the highest film thickness

and would tend to produce the most durable pavement, followed by DBM and BC.

Table 7.10 Surface area of mixes

_ % passing Surface Surface area (mkg)
IS sieve area
Size (mm) BC DBM SMA factor BC DBM SMA
(m?/kg)

37.5 100 0.41 0.41
26.5 100 95 100 0.41 0.410 0.410
19 95 83 95
13.2 69 68 57.5
9.5 62 425
4.75 45 46 24 0.41 0.184 0.189 0.098
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2.36 36 35 20 0.82 0.295 0.287 0.164
1.18 27 17 1.64 0.443 0.279
0.6 21 15 2.87 0.603 0.431
0.3 15 14 15 6.14 0.921 0.860
0.15 9 12.23 1.101
0.075 5 5 10 32.77 1.638 1.638 3.277
Surface area (m?/Kg) 5.601 3.384 4.659
19.5 XBC ODBM ASMA
18
A
= 165 _ A e
g 15 . ET .,.A .......
< 135 LB A
= 1 o
e |\ e X
= sy %
5 9| e X
< .
2— 75 e
6
35 4.0 45 5.0 5.5 6.0 6.5 75 8.0
Binder content, %
Figure 7.9 Asphalt film thickness of mixes
Table 7.11 Asphalt film thickness of mixes at design asphalt content
. Vol. of Wt of Wt of binder/ Film
Mix type B;;lg:r binder bin\élvetf (()I<g) aggregate kg of thickness
(%) (Kg) Aggregate (%)
VG-10 10.91 110.14 2007.94 0.055 9.68
VG-30 8.40 84.86 1547.13 0.0545 9.63
BC
PMB (S) 10.98 110.93 2022.38 0.055 9.70
PMB (E) 8.44 85.29 1554.92 0.055 9.76
DBM VG-10 7.13 72.05 1529.13 0.047 13.78
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VG-30 8.53 86.17 1787.04 0.048 14.10
PMB (S) 7.54 76.11 1543.25 0.049 14.43
PMB (E) 9.17 92.61 1877.82 0.049 14.43
PMB (S) 15.70 158.57 2244.01 0.071 15.02
SMA
PMB (E) 15.03 151.80 2113.91 0.072 15.26

7.4 Conclusions

This chapter presented the study on mix design of bituminous mixes using Marshall
mix design method. Strength evaluation of Marshall samples was conducted using tests like
indirect tension test, retained Marshall stability and tensile strength ratio. The film thickness
of different mixes using various binders were also assessed to check for the appropriate film
thickness required for durability. The Marshall test results indicated higher stability for dense
graded mixtures prepared with polymer modified bitumen. SMA mixes displayed lower
stability values attributed to high VMA and increased binder content. The moisture
susceptibility as shown by the retained Marshall stability test was higher for conventional
binders. The retained Marshall stability values for SMA mixes were found to be higher than
the dense graded mixes. This is attributable to the higher binder content which increases the
film thickness making the mix water resistant. ITS values for BC and DBM were found to
be higher than SMA.. Mixes prepared with modified binders displayed higher strength values
in comparison to viscosity graded binders. VG 10 did not satisfy the minimum TSR criteria
required to satisfy the moisture susceptibility criteria. All the mixes prepared in this study
had a film thickness above 8 p, indicating that all the mixes would perform satisfactorily
with respect to durability. As can be seen in the table that SMA has the highest film thickness
and would tend to produce the most durable pavement, followed by DBM and BC.
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Chapter 8

Performance Evaluation of Asphalt Mixes

8.1 Introduction

The pavements over time suffer failure due to passing traffic loads and exposure to different
environmental conditions. Among the most important of these failures, we can mention
rutting which is considered as the main concern of transportation agencies in the field of
pavement. The permanent deformation (rutting) of asphalt pavements has an important
impact on the performance of the pavements during their lifetimes [62, 97, 134, 171]. Rutting
is the load-induced permanent deformation of asphalt pavements and may occur in any layer
of a pavement structure [188, 189]. It is one of the main distresses occurring in asphalt
pavements and badly affects the comfort-ability, ride-ability, motorist safety, and general
performance. The temperature and stress-induced by loading can be named as two main
parameters that lead to permanent deformation in asphalt pavements. When the traffic
loading increases and temperatures are high, rutting failure are more likely to occur. Research
in the field of improving the constituent materials of hot mix asphalt (HMA), mix designs
and methods of analysis and pavements design, including laboratory and field tests are
needed to provide more service life for pavements and as a result, the loss of costs which are

set to be spent to repair pavement failures is prevented [13, 60, 67, 122, 123].

In developing an experimental testing method for evaluating the rutting resistance of
asphalt mixtures, most researchers have used wheel tracking test, the uniaxial compressive
creep test, the triaxial repeated load test (TRT), the indirect tension test, and the bending
creep test [140]. The wheel tracking test simulates traffic loading on pavements by applying
a wheel load on a slab specimen [117, 139, 151, 187]. The testing conditions are similar to
pavements in service and the rut depth is measured after a specific number of loading cycles.
The wheel tracking test has been proven to be an effective method to evaluate the rutting
potential in asphalt pavements.

Fatigue is one of the three (rutting, fatigue cracking and low temperature cracking)

major failure modes in flexible pavements which results in degradation of the pavement
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materials and finally the pavement structure [201]. The materials in pavement are subjected
to short time load amplitudes upon passage of a vehicle. Higher amplitudes of this repeated
loading results in reduction of material stiffness and its subsequent accumulation with time
may lead to complete failure [32]. Fatigue initiated cracks occurs at points where critical
tensile strains and stresses occur. The critical strain on the other hand is also a function of
the stiffness of the mix. Since the stiffness of an asphalt mix in a pavement layered system
varies with depth, the location of the critical strain will also change. Once the crack/damage
initiates at the critical location, the action of traffic eventually causes these cracks to
propagate through the entire bound layer leading to the failure of the pavement. Most
commonly it is assumed that the fatigue cracking initiates at the bottom of the bound layer
attributed to the bending action of the pavement layer. This stress induced micro-crack
propagates to the surface due to the repeated movement of vehicles, leading to what is known
as “bottom-up-cracking”. However, a plethora of studies have also clearly demonstrated that
fatigue cracking may also be initiated from the top and propagate downwards (top-down
cracking). In general, it is hypothesized that critical tensile and/or shear stresses develop at
the surface and cause extremely large contact pressures at the tire edges-pavement interface.
This stress coupled with highly aged (oxidized) thin surface layer is responsible for the
surface cracking. Another view of fatigue failure may be given through energy concepts [88].
Any energy (in the form of loading) supplied to the pavement results in accumulation of
strain. The area under the stress-strain curve represents the energy being input into the
material. Upon removal of the load, the stress is removed and the strain is recovered. If the
loading and unloading curves coincide, all the energy put into the material is recovered or
the material returns to its original position after the load is removed. If the two curves do not
coincide, energy is lost in the material, which may be in the form of mechanical work, heat
generation, or damage in such a manner that it could not be used to return the material to its
original shape. This energy difference defined as the dissipated energy of the material caused

by the load cycle is responsible for the fatigue failure of the material.

Over the past 40 years, different test methods have been developed to simulate the
fatigue behavior of hot mix asphalt (HMA) materials, with varying success [5, 35, 70, 94,
114, 164, 167, 193]. Tangella et al. [170] listed the general categories of different test
methodologies which included: simple flexure, supported flexure, diametral test, triaxial test,

268



Performance Evaluation of Asphalt Mixes

direct axial test, fracture test, and wheel tracking test. In the SHRP-A-404 report [115], a
comprehensive evaluation was performed based on which the repeated flexure beam test
(third/four—point bending) was given the highest rank. Usually two types of loading modes
are adopted in laboratory fatigue testing: constant stress (controlled-stress) mode and
constant strain (controlled—strain) mode. In the constant stress loading mode, the stress is
kept constant and the strain increases with load cycles. Whereas, in the constant strain mode
of loading, the strain is maintained constant in all the loading cycles and the stress decreases
subsequently. In the field, the loading conditions are more complex and are usually combined
modes of loading [156]. Researchers [76, 170] have suggested that controlled strain testing
might be used for relatively thin pavements with HMA less than 50 mm (2 in.), because the
strain in thin asphalt layer is governed by the underneath layers and is merely affected by the
decrease in stiffness of the asphalt mix. The controlled-stress testing might be more
appropriate for thicker pavements of more than 152 mm (6 in.) where the main load —
carrying component is the top layer. For intermediate thicknesses, a combination of constant
stress and constant strain exists. It has been found that the fatigue life obtained from constant
stress testing condition is shorter than the life obtained from constant strain testing condition
[115]. In this study, constant strain mode has been adopted assuming that the thickness of

the wearing course is not high.

This chapter focusses on quantifying the performance of unmodified and modified
asphalt mixes using wheel rut testing and four point beam bending test. Rut testing was
conducted at 60 °C, while 4PBBT was conducted at 20 °C. The suitability of different test
methods for quantifying rutting is also presented and discussed. A new phenomenological
model has been proposed to quantify the fatigue life of asphalt mixes. At the end correlation

between fatigue and rutting of binders and mixes has been established.
8.2 Experimental Investigation
8.2.1 Wheel rut testing

Laboratory wheel-tracking device was used to measure the pavement quality by running
simulative tests on hot mix asphalt (HMA) samples. The testing assembly used in this study

is shown in Figure 8.1.
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In this test (BS 2004) a small loaded wheel is rolled repeatedly across a prepared
HMA specimen to measure parameters like rut depth, moisture susceptibility and stripping
predictions. Square sizes slabs were prepared to carry out the testing and representative
samples before and after the test is shown in Figure 8.2.The test can be done both in air and
water control modes. In this study water control mode was used to simulate the effect of
moisture on the pavement.
Result of the test specimen can be correlated to actual in-service pavement performance [40,
87]. Samples of 300 mm x 300 mm x 50 mm were prepared adopting a new method of
loading and unloading. All the specimens were prepared to achieve a target air void content
of 4% by weight of the total mix. As the height of beam was fixed, the weight of the mixture
required to achieve the target air void was pre-calculated. The aggregates and bitumen were
mixed at the required mixing temperature and were placed in the pre-heated mould. A
compression testing machine was used for applying load till the desired height was achieved.
The loading was accompanied by an unloading process to avoid breaking of aggregates due
to static loading. After compaction the specimen was allowed to cool for 24 hours. The
sample was extracted from the mould and the air void content was measured using the
saturated surface-dry procedure (AASHTO T166). Compacting the specimens is one of the
most difficult task, when the target air void content is fixed. This may be possible, but would
require many trials. As the height of the sample is fixed, it might happen that, due to different
orientation of aggregate particles within the mix, for different specimens, slight variation in
the fixed air void content of 4% may result. So an allowance of +0.2% was given to the
required air void content. A wheel load of 700 £5 N with tyre pressure of about 0.56 MPa
was applied on the sample. The loaded wheel had a total travel distance of 230 + 10 mm with
a speed of 42 passes per minute. Each sample was tested at 60 °C up to 10, 000 load cycle
or 25mm rut depth whichever was earlier. LVDT was used to measure the vertical

displacement of the slab specimen per cycle.
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a
Figure 8.2 (a,b) Wheel tracking test samples, (a) before, (b) after

8.2.2 Four point beam bending test (4PBBT)

The flexural fatigue testing protocol of AASHTO T321-2003 and SHRP M-009
requires preparation of oversized beam specimens that have to be sawed to the required
dimensions. The final required dimensions are 380 £ 6 mm (15 + 1/4 in.) in length, 50 + 6
mm (2 £ 1/4 in.) in height, and 63 £ 6 mm (2.5 = 1/4 in.) in width. No specific procedure is
mentioned for beam preparation. However, several methods including full scale rolling
wheel compaction, miniature rolling wheel compaction, and vibratory loading have been
used over years.

In this study, the beams were prepared adopting a new method of loading and unloading.
The mould used for beam preparation had an inside dimension of 382 mm x 50 mm x 70
mm. The final dimension was fixed as 382 mm x 50 mm x 50 mm to achieve uniform beam
sizes for all the type of mixtures. All the specimens were prepared to achieve a target air void

content of 4% by weight of the total mix. The beam was prepared using a similar procedure
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as adopted in wheel rut testing. Similar to samples prepared in wheel rut test, an allowance
of £0.2% was given to the required air void content. The testing protocol mentioned in Table
8.1 was adopted for conducting the four point beam bending (4PBB) test. Figure 8.3 (a,b)
shows the 4PBB apparatus used in this study.

a
Figure 8.3 (a,b) Four point beam bending apparatus

Table 8.1 Test condition adopted for 4PBB test

S. No. Test Parameter Test Condition
1 Test temperature (°C) 20+£05
2 Strain amplitude (10 m) 200-1000
3 Loading frequency (Hz) 10
4 Air void content (%) 4+0.2
5 Type of loading Sinusoidal
When the flexural stiffness is reduced to
. . 50% of the initial flexural stiffness or
6 Failure condition 200000 loading cycles have been applied,
whichever occurs first.

The maximum tensile stress and strain were calculated using the following equations

0.382.P
Gt:b_T (8.1)
12.6.h
=_ &0 8.2
4T3 42l ®2)

Where,

o, = Maximum tensile stress, Pa.
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&, = Maximum tensile strain, m/m

P =Applied load, N

b = Average specimen width, m

h = Average specimen height, m

5 = Maximum deflection at the center of the beam
L = Length of the specimen, 382 mm.

a = Length between the clamps (L/3 = 127.33 mm)

The flexural stiffness, phase angle, dissipated energy and cumulative dissipated energy are

calculated as follows

o7
S =?tt (8.3)
$=360.f 5 (8.4)
D =r.0;.6,.5In(¢) (8.5)
CDE=3D, (8.6)

1=1

Where,

S = Flexural stiffness, Pa

# = Phase angle, degrees

T = Load frequency, Hz

S = Time lag, seconds

D = Dissipated energy per cycle, J/m*

C.DE = Cumulative dissipated energy, J/m?
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8.3 Results and Analysis

8.3.1 Analysis of wheel rut testing

Figure 8.4 (a-c) shows the variation of rut depth with increase in number of cycles
for the three different mixes at 60 °C. The rut depth increases with increase in number of
cycles. Mixes prepared with polymer modified binders have lower rut depth as compared to
mixes prepared using viscosity graded binders. Initially all the curves were found to be close
to each other for lower cycle numbers. As the cycle number increased (typically after 500
cycles), the difference in rut depth became more prominent. Figure 8.4 (d) presents the rut
depth obtained at the end of 10000 loading cycles for different mixes prepared using the four
binders. SMA was found to be the most rut resistant mix among the three mixes studied,
followed by BC. The poor performance of the mixes prepared using viscosity graded binders

are analogous to the result obtained in bitumen testing.
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Figure 8.4 Variation of rut depth (a) with loading cycles for BC; (b) with loading cycles
for DBM; (c) with loading cycles for SMA and (d) at 10000'" loading cycle.
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8.3.2 Fatigue life from 4PBBT

Figure 8.5 (a-d) presents the comparison of the fatigue life of different mixes for each
binder type. The results of 200 micro strain are not shown because all the mixes exhibited
fatigue life higher than 2x10° cycles. At 400 micro strain SMA mixes prepared with PMB
(S) and PMB (E) also had higher fatigue life. It was found that, at lower strain levels (<600
micro strain) mixes prepared with polymer modified binders exhibited higher fatigue life
than those prepared using conventional binders. Amongst the polymer modified binder, PMB
(S) gave superior results. As the strain level increased, the fatigue life of PMB (E) reduced
drastically, and was almost close to the behavior shown by conventional binders. PMB (S)
on the other hand, displayed the best performance at all the strain levels. Amongst all the
mixes, SMA had the highest fatigue life, which was almost 5 times of the fatigue life of BC
and DBM. This may be attributed to the volumetric of the bituminous mixture. SMA being
a gap graded mix, has high VMA (17-22%), which can accommodate ample amount of
bitumen for a fixed air void content of 4%. This increases the film thickness inside the mix,

making the mix more durable to the induced strain.

Figure 8.6 (a-c) illustrates the fatigue life as a function of strain. The slope of the
curve indicates the sensitivity of the binders to the change in the magnitude of strain. PMB
(E) showed highest susceptibility to this change while PMB (S) was found to be least
susceptible. It was found that at lower strain levels (<400 um) PMB (E) had fatigue life very
close to PMB (S). But as the strain increased the fatigue life of PMB (E) decreased very
sharply. At higher strain amplitudes (=800 um), the fatigue life of PMB (E) mixes was even
lower than that of the mixes prepared using conventional binders. This behavior of PMB (E)
may be explained as follows. In PMB (E) the crystalline nature of the polymer stiffens the
binder inducing viscous behavior. At low strains, due to high stiffness the binder can take
higher number of load repetition without any damage. But due to the rigid nature, it cannot
be stretched to higher strain which will result in formation of cracks. On the other hand in
PMB (S), the polymers are cross linked into a three dimensional network. The polystyrene
end-block impart strength while the butadiene mid-blocks impart exceptional elasticity. This

makes the binder more flexible and increases its capability to resist higher strains.
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Figure 8.5 (a-d) Fatigue life at different strain levels.
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Figure 8.6 (a-c) Fatigue life of different type of bituminous mixes.

8.3.3 Correlating binder and mix performance

8.3.3.1 Correlating fatigue

It was attempted to correlate the fatigue results of asphalt binders with the fatigue life
of asphalt mixtures. Assuming that the strain in binder is about 50 times the strain in
mixtures, four strain levels (2,3,4,5 %) of LAS test were chosen corresponding to four similar
strain levels (400, 600, 800, 1000 micro-strain) of 4PBBT. Table 8.2 shows the fatigue life
of each binder with respect to different mixes. Plotting the results of the binders against the
fatigue life of mixes, it can be seen from Figure 8.7 (a-d) that linear correlation is achieved
for all the mixes. For PMB (E) and PMB (S) the fatigue life for SMA is also shown. It can
be seen that the slope for SMA deviates considerably than that of BC and DBM. This may
attributed to the higher VMA for SMA mixes as compared to BC and DBM. The correlation

equation however varies with the type of mix for each binder.

Table 8.2 Fatigue life of asphalt binders and mixes at four similar strain amplitudes.

Fatigue life (number of cycles)

VG 10 VG 30 PMB (S) PMB (S)

Binder BC DBM | Binder BC DBM | Binder BC DBM SMA Binder BC DBM SMA

4958 | 75620 | 73850 | 5612 | 86795 | 79549 | 29547 | 151208 | 140205 10598 | 137845 | 140451

1520 14366 | 12553 1484 | 16548 | 14675 | 6650 28501 24782 | 127582 2415 17478 16657 | 39668
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343
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Figure 8.7 (a-d) Correlation of fatigue life of asphalt binders and mixes

8.3.3.2 Correlating rutting

Various test methods as discussed in section 2.8 of chapter 2 were used to compare

and correlate the binders rutting performance to the rut depth obtained in wheel rut testing.

Fig. 8.8 (a) shows the values of |G*|/sins at all the temperatures at a frequency of 10

rad/sec. On a general note, modified binders had higher values as compared to the VG

binders. Plastomeric modified binders displayed the highest value while VG 10 had the least.
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The values for all the binders decreased with increase in temperature. However, the rate of
this decrement was found higher for conventional binders. Amongst the modified binders,

PMB (S) displayed lower decrement in |G*|/sins with increase in temperature. Hence, the

temperature susceptibility of elastomeric modification can be said to be lower as compared
to plastomeric modified bitumen. This phenomena can also be attributed to the melt of EVA
crystallites in PMB (E) at higher temperature. This argument is supported by the study done
by Airey [6] on behavior of aged and unaged polymer modified binders.

Fig. 8.8 (b) displays the value of ZSV obtained for the unmodified and modified

bitumen. Similar to|c"|/sins, ZSV also decreased with increase in temperature. Modified

binders were found to give higher values than the conventional binders at all the test

temperatures. Unlike in|G*|/sins, the temperature susceptibility of plastomeric modified

binders was found to be lower in comparison to elastomeric modified binders. This may be
attributed to the test condition, in which, at lower shear rates (corresponding to the ZSV),
PMB (E), due to its stiff nature, offers more resistance to the micro flow as compared to other

binders.

*

The effect of temperature on the parameter suggested by Shenoy (

)

(1-1/tan &sin o)

for all the asphalt binders is presented in Fig. 8.8 (c). The ranking of binders with respect to

the rutting susceptibility are found to be similar to the other two parameters discussed above.

Fig. 8.8 (d) displays the values for Jnr at a stress level of 3.2 kPa for all the four binders. A
higher value of Jir is an indication of higher rut sensitiveness. For a binder to be rut effective
a lower value is desired. It was found that PMB (E) had the lowest values at all the
temperatures. From Table 2.1 and values shown by Fig. 8.8 (d), it was concluded that VG 10
is not suitable for extremely heavy loading conditions (represented as E) even at 50 °C.
Moreover at 60 °C, the value for VG 10 is 2.76 kPa™, which is less than 2 kPa™, the minimum
required for traffic with heavy loading conditions (designated as H). VG 30 on the other hand
is not suitable for very heavy (V in table) and extremely heavy loading conditions at places
where the average maximum temperature of pavement is greater than or equal to 60 °C.

However, polymer modified binders were found to be suitable for all the loading conditions

279



Performance Evaluation of Asphalt Mixes

at 60 °C. Fig. 8.8 (e) also shows the percent recovery for all the binders at different
temperatures at 3.2 kPa* shear stress. For VG 10 and VG 30, irrespective of any temperature,
the percent recovery was found to be less than 30%, which is the minimum required, as
specified in Table 2.2. The study strongly suggests that these conventional binders should be
avoided at places where rutting is the major failure mode. Polymer modified binders (both
elastomer and plastomer) are found to have high recovery values even at 60 °C. Hence they
will tend to recover when subjected to cyclic loading typically seen in actual pavement
conditions. Nevertheless, the ranking of binder corresponding to rutting susceptibility is

found to be same as the other methods.

All the methods discussed above give the same binder ranking as far as rutting
performance is concerned. The MSCR method however throws light on fundamental
viscoelastic properties of the binder which is impeded in the other methods. The degree to
which each method effects the strength properties of the binder with change in temperature
is different. Moreover, the amount by which one binder is superior to the other at a particular
temperature also varies with the type of method.
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Figure 8.8 (a-e) Rutting susceptibility parameter with respect to (a) G*/sind; (b) ZSV; (c)
Shenoy method; (d) MSCR (Jnr) and () MSCR (% recovery).

To evaluate the suitability of different binder testing methods as a rutting
susceptibility parameter, it was necessary to correlate the performance of binder with the
result obtained for different mixes. As different binder test methods gave the same ranking
of the binder, it was difficult to justify the best test parameter just by analyzing the trend of
the results. To delineate this incongruity, the values from all the test methods, including the
rut depth values were normalized. After normalizing all the values for different binders, the
root mean squared error (RMSE) values were calculated. A lower RMSE value will indicated
closer correlation between binder and mix results. The following equations were used to

calculate the normalized values (NV) and RMSE.
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w
51

(8.7)
Where,
NV= Normalized value
y= Actual value (here fatigue life)

y = Mean of the values

SD= Standard deviation

(8.8)

n
RMSE :\/Zizl(xbinder,i B ><mix,i)2
n

Where, Xpinder is value for the binder and Xmix is the value obtained from asphalt mixture

testing for the i binder.

Table 8.3 and Table 8.4 present the NV and RMSE for BC and DBM using different
methods. As SMA was prepared using only two binders the results are not shown. It was
found at for both BC and DBM, RMSE values were minimum for MSCR method. The other
methods were found to have comparatively higher values. The parameter proposed by
Shenoy was found to have highest deviation followed by G*/sind method. Hence MSCR can
be concluded to be the best available parameter to quantify the rutting susceptibility of

asphalt binders.

Table 8.3 NV for different methods

Normalized Values
Binders Methods Mixes
G*/sind ZSV Shenoy MSCR | RD (BC) RD (DBM)
VG 10 -1.0198 -0.7402 -0.8855 1.1677 1.17368 1.2841038
VG 30 -0.6897 -0.6924 -0.74 0.49622 0.46609 0.2668114
PMB (S) 0.74709 0.02841 0.39623 -0.7775 -0.6455 -0.578963
PMB (E) 0.96239 1.40422 1.22932 -0.8864 -0.9942 -0.971952
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Table 8.4 RMSE value for different methods

RMSE values
Mixes
Method BC DEM
G*/sind 1.71205 1.69688
SV 1.67422 1.66081
Shenoy 1.72591 1.71194
MSCR 0.08659 0.16802

The correlation equation of Jnr with respect to rut depth achieved with the measured data for
BC and DBM is shown in Figure 8.9(a,b). Though correlating using only four data points

might be misleading, the obtained equations are analogous to equations found by other

researchers.
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Figure 8.9 (a,b) Correlation of Jyr and rut depth (a) for BC and (b) DBM

8.3.4 Modelling fatigue

Fatigue cracking prediction is normally based on the cumulative damage concept
developed by Miner [112]. The allowable number of load repetitions is related to the tensile
strain at the bottom of the asphalt pavement layer. The damage is calculated by the ratio of
the predicted number of load repetitions to the allowable number of those repetitions. The
overall history of the development of fatigue can be subdivided into five main

categories/approaches as follows
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- The phenomenological approach
- The continuum damage mechanics approach
- The fracture mechanics approach

- The energy and dissipated energy approach.
This study focusses on analyzing the phenomenological approach. Traditionally the failure
in this approach is defined to be reduction in 50% of the initial stiffness of the material. The
fatigue life is quantified by Nf, which is the number of load repetition to failure. For a

controlled strain mode, Nt can be modelled in one of the following ways.

- Fatigue models relating Nf with strain.

- Fatigue models relating N with strain and stiffness.

- Fatigue models relating N with strain, stiffness and volumetric parameters.

Though the simplest approach, this method has been criticized mainly due to the inability
in providing an accurate mechanism of damage accumulation in the mixture under repetitive
load. This study emphasizes on analyzing the previously developed models and providing a
more fundamental way which could be applied directly to the complex loading scenarios that

are actually common to in-service pavements.
8.3.4.1 Fatigue models relating N with strain

This is the simplest fatigue model which could be mathematically represented as
Ny =k (2)" 89
Where
&, =tensile strain at the bottom of the specimen
k .k, =experimentally determined coefficients

The coefficients k, and k, are determined by fitting a power law regression function

with the test data on a log scale. At higher strain levels and for modified binders, the
sensitivity of the mix is not same at all the strain levels. Hence, a constant value of k» to

characterize the fatigue response of the mix might be misleading.
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8.3.4.2 Fatigue models relating Nf with strain and stiffness.

The basic equation governing the fatigue life using this form of model can be written as
1k, (1
N, =kp(2)2.(2)" (8.10)
t

Where,

N, =Fatigue life (cycles)
& =Tensile strain at critical location
k,,k,,k, =laboratory regression coefficients

E =stiffness of the material

Several modification and generalization of the model parameters (ki, k2, and ks) have
been made to fit the experimental data [115, 155, 173]. The above given equations works
fairly well for low strain amplitudes, where the stiffness of the mixture does not vary with

the strain amplitude [156]. But at higher strains, the value of E is not constant, which imposes

restriction in using the second term (é)'%. Harvey and Tsai from their study also suggested
that modulus/stiffness values should not be used in fatigue models.
8.3.4.3 Fatigue models relating N¢ with strain, stiffness and volumetric parameters.

Pell and cooper [130] incorporated the volumetric of asphalt mixture (volumetric
binder content Vy (%); AV, the air void content (%) for calculation of fatigue life of

bituminous mix.
— i ky i ks Vb ky
N —kl(gt) () (Vb+AV) (8.11)
k., K, K3, k, = experimentally determined parameters

E=Asphalt concrete initial modulus, psi.
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The model suffers from a drawback similar to the first and second approach.
Nevertheless, the volumetric parameter seems to be a likely indicator of the fatigue damage.
It has been proved in many studies that a higher binder film (achieved by increasing the
binder content), reduces the stress concentration between the aggregate particles which
results in increment of fatigue life. So, using a volumetric parameter as an independent

variable might add more accuracy in quantifying the fatigue life of asphalt mixtures.

If the third term ((é)"s) in equation 9 is avoided assuming the strain dependent reduction in

the value of E, then the equation can be modified and written as
_ 1 k2 Vb k3
Nf = kl(zt) (\m) (8.12)

8.4 Proposed model

A bituminous mix comprises two main components: aggregates and bitumen. The
aggregates of different sizes are mixed, which provides the shear strength and the bitumen
holding the particles together imparts cohesion to the structure. So, the response to any
loading condition, whether it be flexure or compression is affected mainly due to two mix
attributes: the way the aggregates are combined i.e. the aggregate gradation and the type and
amount of binder. Other factor including type and mineralogical properties of aggregate may
also influence the strength of the mix. However, in this study a single source of aggregates
was chosen. Considering that the air void content in the mix is fixed, the aggregate gradation
and the binder properties will only be the influential factors.

It is hypothesized in this study that the degree to which a single binder influences the
mix properties remains same for different types of mixes. Also, the extent to which the
aggregate gradation affects the strength of the mix remains unaltered, irrespective of the type
of binder used. Aggregates are generally considered linear materials whose response do not
vary with the change in load amplitudes (strain level). The change in material (here
bituminous mix) strength/stiffness with change in strain/stress levels can be attributed to the
rheological characteristics of the bitumen which is the non-linear component in a bituminous
mixture. This point will become clearer by considering the proposed model which is

mathematically represented as
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N, = kl.(%)"Z.(\/FB)l% (8.13)

Where

k, =experimentally determined parameter
k, =parameter determining the sensitivity of the binder to the strain level.
k,=parameter determining the sensitivity of the mix to the fatigue.

VFB = voids filled with bitumen (%).

As discussed above, the binder is the main component which is sensitive to the
change in strain level. So, the value of parameter ko cannot remain constant when the mix is
subjected to varying strain amplitudes. This variation should relate to the degradation of the
material property (such as stiffness) with increase in strain level. Studies have shown that
the stiffness of a mix decreases exponentially with increase in strain amplitude. Considering
this statement to be true, it has been assumed that k> decreases exponentially with increase

in strain level as follows
k, = Aexp B¢ (8.14)

Where A and B are model parameter which are binder specific and will remain same for each
binder across different types of mixes. The parameter k1 and ks are assumed to be constant
for a particular aggregate gradation (type of mix) irrespective of any binder used.

Substituting the value of kz in the above equation and taking log both sides, we get

log N, =logk, — Aexp~®¢.log & +k, log(VFB) (8.15)

The above model was used and was compared with the equations 8.12 and 8.15 to
check its applicability in modelling the fatigue response of different types of mixes prepared

with unmodified and modified bitumen.
8.4.1 Validation of the proposed model

In order to validate the applicability of the proposed model (equation 8.18) the

experimental values were fitted with the modelled values. For comparison, equations 8.12 &
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8.15 were also used to observe the deviation of the calculated and experimental results. These
models are denoted as Model 2 and Model 1. The model parameters were optimized using
SOLVER function in MS excel to obtain the best fit. For the proposed model all the

assumptions (as explained in section 8.4) were considered.

Figure 8.10 demonstrates the curve fit of all the three models with the experimental
value. It can be seen that the proposed model fits best to the experimental results. The other
two models, deviate, especially at higher strain levels. Model 2 showed the highest deviation
followed by Model 1. This deviation can be attributed to the constant value of the model
parameter used, which delineates the inclusion of strain sensitivity. The highest deviation of
Model 1 and Model 2 was found for mixes containing PMB (E). This may be due to the high
strain sensitivity of the plastomer. For mixes prepared with PMB (S), Model 1 showed good
fit. This is due to the less susceptibility of PMB (S) to change in strain amplitude. However
the proposed model displayed excellent correlation with the experimentally obtained values.
Hence the assumption of the exponential decrease of the value of k; in the proposed model
stands true. Also the excellent model fit proved that the parameters ki and ks are only mix
dependent and same values may be used irrespective of the type of binder. The parameters
A and B used to define k2 was solely binder dependent. The values remained constant for
different binders irrespective of the type of mix. Table 8.5 presents the value of the model
parameters obtained in the study. The proposed model was also compared with Model 1 and

Model 2 statistically using the RMSE values as discussed in the previous section.

Table 8.5 displays the values of RMSE obtained in the study upto three significant
digits. A higher RMSE value would indicate higher deviation from the experimental values.
It can be seen that in all the cases the error is minimum for the proposed model. Amongst
model 1 and model 2, model 1 gave better results. Model 1 was found to be close to the
proposed model for mixes prepared with PMB (S). This may be attributed to the low
sensitivity of PMB (S) to change in strain making the proposed model behave close to Model
1.
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Figure 8.10 (a-j) Comparison of different model fit with the experimental results
Table 8.5 Model parameters obtained through SOLVER function.
Mix Model 1 Model 2 Proposed Model
Binder
Type kq ka ks ki ka ki ks A B
VG 10 3.7E-05 | 3.5E+00 | 1.7E+01 | 6.5E-05 | 2.7E+00 0.07 0.9 21 3.80E-04
VG 30 2.1E-05 | 3.7E+00 | 2.0E+01 | 1.6E-05 | 2.8E+00 0.07 0.9 2.15 3.60E-04
BC PMB (S) | 3.0E-05 | 3.7E+00 | 2.0E+01 | 3.6E-05 | 2.8E+00 0.07 09 | 218 | 3.00E-04
PMB (E) 3.1E-05 3.6E+00 | 1.8E+01 | 8.2E-05 | 2.7E+00 0.07 0.9 2.25 4.50E-04
VG 10 6.6E-05 3.3E+00 | 1.5E+01 | 2.4E-05 | 2.8E+00 0.065 0.85 21 3.80E-04
DBM VG 30 6.1E-05 | 3.4E+00 | 1.6E+01 | 2.2E-05 | 2.8E+00 0.065 0.85 2.15 3.60E-04
PMB (S) 29E-05 | 3.7E+00 | 2.0E+01 | 1.4E-05 | 2.9E+00 0.065 0.85 2.18 3.00E-04
PMB (E) 4.4E-05 3.4E+00 | 1.5E+01 | 1.4E-05 | 2.9E+00 0.065 0.85 2.25 4.50E-04
SMA PMB (S) 2.2E-05 3.5E+00 | 1.4E+01 | 1.9E-05 | 3.0E+00 0.2 0.7 2.18 3.00E-04
PMB (E) 5.8E-05 3.2E+00 | 1.5E+01 | 1.6E-05 | 2.9E+00 0.2 0.7 2.25 4.50E-04
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Table 8.6 Root mean squared error (RMSE) for different models.

RMSE
Binder BC DBM SMA
Model | Model | Proposed | Model | Model | Proposed | Model | Model | Proposed
1 2 Model 1 2 Model 1 2 Model

VG 10 | 0.027 | 0.081 0.015 0.051 | 0.088 0.006

VG30 | 0.014 | 0.066 0.013 0.035 | 0.076 0.005

P('\S")B 0.024 | 008l | 0015 | 0.033 | 0.084 | 0025 | 0.032 | 0050 | 0.000
P('\é')B 0.066 | 0.125 | 0009 | 0.082 | 0116 | 0016 | 0.015 | 0060 | 0.073

8.5 Conclusions

In wheel rut test, SMA was found to be the most rut resistant mix followed by BC.
Mixes prepared with modified binders had lower rut depths as compared to mixes prepared
using viscosity graded binders. For lower cycle numbers the variation of rut depth with cycle
was found to be close to each other for different binders. As the cycle number increased
(typically after 500 cycles), the difference in rut depth became more prominent. To determine
the best binder testing method which correlates most closely to rut depth of bituminous
mixes, statistical parameter, root mean square error (RMSE) was calculated for each method.
It was found that MSCR gave the best results out of all the four methods, followed by ZSV.

Correlation equations between Jur and rut depth were also established for BC and DBM.

At lower strain levels mixes prepared with polymer modified binders had higher
fatigue life as compared to mixes prepared with conventional viscosity graded binders. At
high strain amplitude mixes prepared with PMB (E) gave poor performance in fatigue. The
fatigue life PMB (E) mixes were even lower than the mixes prepared using conventional
binders. This is attributed to the high strain sensitivity of PMB (E). PMB (S) on the other
had gave best results in comparison to other binders.

Amongst all the mixes, SMA gave the best performance in fatigue. The fatigue life
of SMA mixes were almost five times higher as compared to other bituminous mixtures. This
is attributed to the high VMA percentage, which can accommodate large amount of binder
for a fixed air void content. This increases the film thickness which reduces the stress and

increases the durability.
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It was found that for similar strain levels the fatigue life of asphalt binders could be
linearly correlated with the fatigue life of asphalt mixes. The correlation equation varies with

the type of mix for each binder.

The new proposed model gave excellent fit with the experimentally obtained values.
The traditional models were found to deviate from the experimentally obtained values
especially for mixes prepared with plastomeric modified binder. The use of constant model
parameter was found to be the reason for such deviation. The new proposed model was also

found to be statistically reliable as shown by the lower RMSE.

The assumption that the model parameter k. of the proposed model will vary
exponentially with strain level was found to be true. Moreover, the model parameter k2 was
found to be dependent only on the type of binder, irrespective of any aggregate gradation.
Similarly, the parameters ki and ks were found to be dependent on the type of gradation

irrespective of any binder used.
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Chapter 9

Conclusions and Recommendations

9.1 Conclusions

Based upon the study presented in the previous chapters the following conclusions were

drawn

1.

It is important to obtain the proper blending requirement for modifying bitumen with
any additive. The importance of different blending parameters depends on the type
of modifier used. It was found that for EVA modification temperature plays the most
crucial role while for SBS the effect of shear rate is crucial. It was found that SBS
could be incorporated in the base binder at a temperature of 180 °C using a high shear
mixture operated at 1500 rpm for 60 minutes. The corresponding temperature, shear
rate and time for EVA were 190 °C, 600 rpm and 30 minutes. Storage stability test
showed that optimum modifier content for EVA is 5% while for SBS is 3%. This

result was also validated by the study of morphology using Fluorescence microscopy.

Polymer modified binders were found to be more shear thinning as compared to
normal binders. At higher temperatures, normal binders also show tendency of shear
thinning, but at very high shear rates. The concept of Rheogram for plotting master
curve of viscosity versus shear rate was found to be applicable to all the binders, with
little deviation observed for PMB (E). C-Y model fitted well with the master curve
of all the binders. Steady shear viscosity measurement using DSR and Brookfield
viscometer were found to be in good alignment with each other. Mixing temperature
for modified binder were found to be lower for practical shear rates varying from
laboratory to field. The mixing temperature requirements decreased with increase in

shear rate.

The LVE strain increased with increase in temperature and reduction in frequency.

At higher frequency and for low temperatures the LVE strain limits were low, owing
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to the higher stiffness of bitumen. The variation of LVE strain with frequency was
not as much significant as with temperature. It was also found that PMB (S) gave
more stable values with variation in both frequency and temperature. This strain
susceptibility was found highest for PMB (E).

. At higher temperatures spindle diameter 8 mm gave higher values for complex
modulus and phase angle of the asphalt binders as compared to 25 mm diameter
spindle. This difference reduced with reduction in temperature with the curves
coinciding at intermediate temperatures. With further reduction (at lower
temperatures) the curve reversed its direction with 8 mm diameter tending to give
lower values than 25 mm spindle diameter. At higher temperatures higher plate gap
gave lower values of complex modulus as compared to lower gap width. The
difference in the measurements decreased with decrease in temperature with similar
values at intermediate temperatures. At lower temperatures smaller gap width gave
higher values. A change in spindle diameter and plate gap changes the value of the
rheological parameter. The changes were more pronounced at lower and higher
temperatures. One conclusion which could be drawn from the study was that 8 mm
spindle geometry cannot be used for higher temperatures and is suitable for
temperature range of 10- 30 °C typically. The study of thermorheological simplicity
cannot be made only on the basis of complex modulus master curves. Phase angle

curves are more sensitive to change in chemical nature of the bitumen.

. The shift factor obtained by the equivalent slope method which was developed in the
study gave better results in plotting master curves as compared to WLF and Arrhenius
equation. The shift factor for all the binders at different reference temperature was

found to obey exponential law.

It was found that Cox-Merz rule can be successfully applied in the zero shear
viscosity domain. The critical shear rate was lower for modified binders, which
indicated higher dependence of modified binders on shear rate. At very high shear

rate of the order of 10° s, the viscosity of modified binders were found to be lower
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than the conventional binder. The simple C-Y model was found to be successfully
applicable in modelling the rheological properties of both conventional and modified
bitumen. The model however is sensitive to the determination of ZSV values. So,
accurate determination of ZSV is recommended to gain more confidence in using the

equation.

It was found that the conventional binders are highly sensitive to change in stress
level and temperatures and are not suitable at locations with extreme temperature and
loading conditions. The average percent recovery of modified binders were
subsequently higher than the conventional binders. PMB (S) showed higher recovery
than PMB (E) at 60 °C for higher stress levels.

Burgers model was found to be weak in characterizing the delayed elastic response
of modified bitumen. The model parameter »w had good correlation with the
unrecoverable creep compliance Jnrand the average % recovery. The value of #um was
affected by the level of stress only after a certain temperature. This temperature was
binder specific and was found to be the point from where the viscous flow dominates.
The Boltzmann superposition was not valid for recovery potion of MSCR test. The
deviations mainly occurred at lower stress levels and temperatures. The power law
was modified to include the nonlinearity associated with bitumen. The factor «
correlated well with the Jnr and average % recovery. Critical values of v and o were
assigned, which should be achieved at the desired temperature of study. This
temperature should correspond to the maximum average temperature of the study
area. A minimum value of 2000 Pa.s and a maximum value of 0.92 was assigned for
Jnr and a, so as to trace the presence of delayed elastic response in any bitumen. The
parameter B of the power law model showed a linear relationship with temperature.
The ratio of the averages, was almost constant irrespective of any temperature. The
ratio was found to be same as the ratio of the corresponding softening point for the
binders. The parameter A was found to be function of both stress level and the
temperature. It displayed a power law behavior with respect to the stress level. For a

particular temperature the ratio of A was found to be invariant with stress level. This
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ratio was at a particular temperature showed excellent correlation with the inverse of
the ratio of Zero Shear Viscosity (ZSV) of the binders. The parameter B.n (considered
as a) in the recovery model was found to have similar correlation as the factor B. The
equations relating the model parameters with the intrinsic binder properties is
presented and could be very useful to establish the creep and recovery behavior of

any binder through simple measurements of conventional properties.

LAS test was found to be more practical than the existing intermediate performance
criteria of G*.sind. By LAS test it was possible to evaluate the complex behavior of
the binder at a wide range of loading level. Elastomeric polymer modified binder
(PMB (S)) displayed the highest fatigue life at all the test temperatures. PMB (E) was
found to susceptible to strain amplitudes at 10 and 20 °C at which the performance
degraded at higher strain levels. VG 10 and VG 30 had lower fatigue lives at lower
strain amplitudes. But the rate of decrease in fatigue life with increase in strain level
was lower than the modified binders. VG 10 had the lowest strain susceptibility and
gave better results than PMB (E) and VG 30 at higher strain amplitudes. However at
30 °C PMB (E) performed better than the conventional binders. A lower value of a
and a higher value of A is desirable for superior performance in fatigue. The increased

in fatigue life with increase in temperature was found to be highest for VG 10.

PMB (S) gave the best overall performance in both the test methods. PMB (E),
though performs well at higher temperature, but at intermediate pavement
temperature it may be susceptible to fatigue cracking attributed to higher sensitivity
to strain amplitudes. Among the conventional binders both VG 10 and VG 30 were
found to be suitable for resisting fatigue cracking at intermediate pavement
temperatures. Nevertheless, at higher temperatures both VG 10 and VG 30 showed
poor performance. These detailed information about the performance of the binders
are impeded in the traditional Superpave performance criteria. Hence the study finds
both LAS and MSCR to be more fundamental in characterizing the rutting and fatigue

performance of asphalt binders. It has to be mentioned that the results of this study is
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based solely on binder testing and must be verified using validation with mixture

performance testing.

The Marshall test results indicated higher stability for dense graded mixtures
prepared with polymer modified bitumen. SMA mixes displayed lower stability
values attributed to high VMA and increased binder content. The moisture
susceptibility as shown by the retained Marshall stability test was higher for
conventional binders. The retained Marshall stability values for SMA mixes were
found to be higher than the dense graded mixes. ITS values for BC and DBM were
found to be higher than SMA. Mixes prepared with modified binders displayed higher
strength values in comparison to viscosity graded binders. VG 10 did not satisfy the
minimum TSR criteria required to satisfy the moisture susceptibility criteria. All the
mixes prepared in this study had a film thickness above 8 y, indicating that all the

mixes would perform satisfactorily with respect to durability.

In wheel rut test, SMA was found to be the most rut resistant mix followed by BC.
Mixes prepared with modified binders had lower rut depths as compared to mixes
prepared using viscosity graded binders. For lower cycle numbers the variation of rut
depth with cycle was found to be close to each other for different binders. As the
cycle number increased (typically after 500 cycles), the difference in rut depth
became more prominent. To determine the best binder testing method which
correlates most closely to rut depth of bituminous mixes, statistical parameter, root
mean square error (RMSE) was calculated for each methods. It was found that MSCR
gave the best results out of all the four methods, followed by ZSV. Correlation
equations between Jnr and rut depth were also established for BC and DBM. At lower
strain levels mixes prepared with polymer modified binders had higher fatigue life as
compared to mixes prepared with conventional viscosity graded binders. At high
strain amplitude mixes prepared with PMB (E) gave poor performance in fatigue.
The fatigue life PMB (E) mixes were even lower than the mixes prepared using
conventional binders. This is attributed to the high strain sensitivity of PMB (E).
PMB (S) on the other had gave best results in comparison to other binders.
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13. Amongst all the mixes, SMA gave the best performance in fatigue. The fatigue life
of SMA mixes were almost five times higher as compared to other bituminous
mixtures. This is attributed to the high VMA percentage, which can accommodate
large amount of binder for a fixed air void content. This increases the film thickness
which reduces the stress and increases the durability. It was found that for similar
strain levels the fatigue life of asphalt binders could be linearly correlated with the
fatigue life of asphalt mixes. The correlation equation varies with the type of mix for
each binder.

14. The new proposed model gave excellent fit with the experimentally obtained values.
The traditional models were found to deviate from the experimentally obtained values
especially for mixes prepared with plastomeric modified binder. The use of constant
model parameter was found to be the reason for such deviation. The new proposed
model was also found to be statistically reliable as shown by the lower RMSE. The
assumption that the model parameter k. of the proposed model will vary
exponentially with strain level was found to be true. Moreover, the model parameter
k> was found to be dependent only on the type of binder, irrespective of any aggregate
gradation. Similarly, the parameters k1 and ks were found to be dependent on the type

of gradation irrespective of any binder used.

9.2 Recommendations

The following are the recommendations laid out by the study conducted of unmodified

and modified asphalt binders and mixes.

1. The optimum modifier and the requirements for its blending should be wisely
selected. Tests like storage stability and fluorescence microscopy should be used to
find the optimum modifier content for the base binder.

2. New technique proposed for evaluation of mixing compaction temperatures can be
employed for modified binders. Role of shear rate should be taken into account for
modified binders.

3. Virgin binder, VG 10 and VG 30 should not be used at locations with high

temperature and loading conditions, especially when permanent deformation is the
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main failure mode. PMB (E) should be avoided at locations with lower temperatures.
PMB (S) can be successfully used for all types of loading and temperature conditions.
4. Gap graded mixes like stone mastic asphalt prepared with modified binders are
capable of resisting more stresses and hence should be employed in highways where

extreme situation prevails.

9.3 Future Scope of the Study
Future research may be conducted in the following areas:

1. The outcome of this research was based on testing and analysis done on four types of
binders and three types of mixes. Study can be extended to more number and types
of binders and mixes to validate the study.

2. The technique proposed in this study for obtaining mixing temperatures for bitumen
is analytical and should be validated in field so that more confidence can be gained

in using modified binders.
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