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Abstract

Asphalt binders are thermo-visco-elastic materials where temperature and rate of load application
have a great influence on their behavior. They are classified as a rheological materials since their stress-
strain response is both time and temperature dependent. Asphalt binder consistency and hence ability to
sustain and hold its fundamental cementing mechanism changes depending on temperature. The neat
asphalt binders lack the proper viscous-elastic balance that usually occur due to an effective elastic
network created by molecular association. It is hypothesized that proper visco-elastic balance can be
formed by creating molecular entanglement in an asphalt through the use of high molecular weight
polymeric additives.

In this research, the physical and rheological properties of the locally produced Arab asphalt
binders and the performance requirements of the Gulf countries environmenal conditions were
determined. Moreover, a procedure for modifying asphalt binders was developed together with a criteria
to evaluate the effectiveness of the polymer modification process. The developed procedure and criteria
were implemented to modify Arab asphalt binders to satisfy the preformance requirements of the Gulf
countries considering rutting, fatigue and low temperature cracking.

The designed experiments and the collected data clearly indicated that the locally produced
asphalt binders can be used without modification in areas where the maximum pavement temperature
does not exceed 64°C. Temperature zoning indicated that more than 50% of the Gulf countries
experience a maximum pavement temperature of 76°C. Therefore, asphalt binder modification is
required to meet Gulf countries' performance requirements. It is evident that polymer modification is
capable and effective in improving the neat Arab asphalt binders reheological properties to meet and
satisfy the performance requirements of the Gulf countries. Further, life cycle cost analysis of various
polymer modified mixtures indicates that the polymer modification is feasible and is economically
justified. Preliminary evaluation of hot mix asphalt concrete containing polymer modified asphalt binders
were performed. These experiments indicated that the performance of a mix containing polyethylene was
superior to other mixtures.
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Asphalt binders are thermo-visco-elastic materials where temperature and rate of load
application have a great influence on their behavior. They are classified as a rheological
materials since their stress-strain response is both time and temperature dependent. Asphalt
binder consistency and hence ability to sustain and hold its fundamental cementing
mechanism changes depending on temperature. The neat asphalt binders lack the proper
viscous-elastic balance that usually occur due to an effective elastic network created by
molecular association. It is hypothesized that proper visco-elastic balance can be formed by
creating molecular entanglement in an asphalt through the use of high molecular weight
polymeric additives.

In this research, the physical and rheological properties of the locally produced Arab
asphalt binders and the performance requirements of the Gulf countries environmental
conditions were determined. Moreover, a procedure for modifying asphalt binders was
developed together with a criteria to evaluate the effectiveness of the polymer modification
process. The developed procedure and criteria were implemented to modify Arab asphalt
binders to satisfy the performance requirements of the Gulf countries considering rutting,
fatigue and low temperature cracking.

The designed experiments and the collected data clearly indicated that the locally
produced asphalt binders can be used without modification in areas where the maximum
pavement temperature does not exceed 64 ° C. Temperature zoning indicated that more than
50% of the Gulf countries experience a maximum pavement temperature of 76 ° C.
Therefore, asphalt binder modification is required to meet Gulf countries’ performance
requirements. It is evident that polymer modification is capable and effective in improving
the neat Arab asphalt binders reheological properties to meet and satisfy the performance
requirements of the Gulf countries. Further, life cycle cost analysis of various polymer
modified mixtures indicates that the polymer modification is feasible and is economically
justified. Preliminary evaluation of hot mix asphalt concrete containing polymer modified
asphalt binders were performed. These experiments indicted that the performance of a mix
containing polyethylene was superior to other mixtures.
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Chapter 1

INTRODUCTION

Roadway construction and maintenance are major responsibilities of government
agencies. =~ When constructing roadways, engineers must consider the primary user
requirements of safety, economy, and convenience. It is, therefore, essential to construct
roadways that remain at acceptable service levels for the maximurﬁ possible time. In
order to achieve this, roadway construction specifications must take into account
environmental factors, traffic loads, and traffic volumes in the construction area.
Consequently, the selection of building materials is a crucial factor. If an appropriate
choice is made, the service life of the pavement is maximized, and maintenance costs are

minimized.

1.1 BACKGROUND

The roadway networks of the Gulf Countries (GC) (i.e. Kingdom of Saudi Arabia,
Kuwait, Bahrain, Qatar, United Arab Emirates, and Oman) have developed more rapidly
than in many other industrialized countries. Due to the availability of relatively low cost
asphalt binders, these roadway networks are being built with flexible pavements. The
high cementing ability of asphalt binders is utilized to bind aggregate particles together
to form a solid, stable, and durable asphalt concrete, which is used to construct road

surfaces and bases.



Hot mix asphalt concrete is conventionally composed of two materials: aggregate
and asphalt binder. About 94 to 96 percentage by weight of the mix consists of the
aggregate, and the remaining 4 to 6 percentage by weight of the mix consists of the
asphalt binder. Although the percentage of the asphalt binder is relatively small, the
asphalt binder influences pavement performance more than the aggregate because
environmental factors such as heat and sun radiation affect the asphalt binder more than
they do the aggregate.

The quality of the asphalt binder also play significant roles in the performance of
the entire pavement structure. Specifications set forth by road agencies require asphalt
binders to ha;'e a minimum character by specifying and controlling some of their
important physical properties. This was done to minimize inferior performance of
pavement structures in the field and explains why researchers and engineers are focusing
their attention on improving asphalt binder characteristics by using additives, modifiers,

and modification processes.

1.2 PROBLEM STATEMENT

Nowadays, two of the most serious distresses associated with flexible pavements
are cracking, which occurs at intermediate and low temperatures, and permanent
deformation, which occurs at high temperatures. These distresses reduce the service life
of the pavement and increase maintenance costs.

Cracking is categorized in two phenomenological categories: load associated and
non-load associated. The principal class of load associated cracking is the fatigue crack,

and the principal class of non-load associated cracking is the shrinkage and low
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temperature crack. Cracking of flexible pavements usually occurs when vehicular loads
and/or low winter temperatures induce tensile forces within asphalt concrete that exceed
its tensile strength. The magnitude of these stresses depends on the rate of load
application, rate of temperature drop, and on the visco-elastic properties of the asphalt
binder at intermediate and low temperatures. Asphalt binders are required to have low
stiffness at intermediate and low temperatures so as to sustain severe thermal stresses and
hence resist thermal and fatigue cracking.

Permanent deformation is also categorized in two phenomenological categories:
densification and lateral displacement. The principle class of permanent deformation is
rutting. Rutting of flexible pavements usually occurs when vehicular loads induce shear
stresses that exceed the shear strength of the materials contained in the pavement
structure.  This depends on vehicular loads and the visco-elastic properties of the asphalt
binder. ASphalt binders are required to have high stiffness at high temperature to resist
rutting.

The hot weather of the Gulf countries has promoted an inferior performance of
asphalt concrete mixes in the field. Permanent deformation is considered a serious
problem in the road systems of the Gulf countries. Some highways have developed
rutting within only a few months after opening. The widespread occurrence of rutting in
the roadway networks of the Kingdom of Saudi Arabia, for example, necessitated a
national research project to investigate the problem. One of the major findings of this
research was the identification of asphalt binders as major contributors to rutting.
Moreover, this study recommended that asphalt binder modification is necessary (Fatani

etal, 1992).
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Asphalt binders are thermo-visco-elastic materials. Temperature and rate of load
application have a great influence on their behavior. Asphalt binder consistency, and
hence ability to sustain and hold its fundamental cementing mechanism, changes as
temperature changes. Goodrich (1988) reported that some neat asphalt binders lack the
proper balance of visco-elastic properties. Typically, these properties occur because of an
effective elastic network created by natural molecular combination. It is hypothesized
that the proper balance of visco-elastic properties can be formed by creating molecular
association in an asphalt binder through polymer modification.

In this research, a procedure for modifying asphalt bindefs was developed
together with the criteria to evaluate their effectiveness. The procedure was then
implemented to modify Arab asphalt binders to satisfy the performance requirements of
the Gulf countries’ environmental conditions. Finally, an evaluation using the developed

criteria was conducted on the modified Arab asphalt binders.

1.3 OBJECTIVES
The overall goal of this research was to identify an appropriate polymer(s) to
modify Arab asphalt binders to satisfy the performance requirements of the Gulif
countries. The specific objectives were as follows:
1. To determine the physical properties and visco-elastic behavior of pure and
polymer modified Arab asphalt binders by answering the following questions:
a. What are the physical properties of Arab asphalt binders (specific gravity,

penetration, viscosity, ductility, softening point...etc.)?
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What are the temperature susceptibility and age hardening characteristics
of Arab asphalt binders?

What are the dynamic visco-elastic parameters of Arab asphalt binders?
What are the performance temperature ranges which Arab asphalt binders

will be subjected to in the Gulf countries?

To develop a procedure to modify Arab asphalt binders to satisfy the Gulf

countries' performance requirements and to develop criteria to evaluate the

effectiveness of the polymer. In this regard, experiments were designed to answer

the following questions:

a.

What blending procedure must be used to produce a homogenous asphalt-
polymer blend?

What is the asphalt binder-polymer blending temperature?

How long should the polymer be mixed with the asphalt binder to obtain a
homogeneous blend?

What are the criteria that signify homogeneity of the mixture?

How can the effectiveness of the modification be evaluated?

What type of polymer(s) improves the properties of Arab asphalt binders
to satisfy the Gulf countries' performance requirements?

What polymer concentration should be used?

Are there any precautions that should be considered?



Chapter 2

LITERATURE REVIEW

Flexible pavements are defined as asphalt bound layers built over a granular base
that rests on compacted natural road bed soil (Hass and Hudson, 1978, 1994; Yoder and
Witczak, 1975).. The top layers are made of a mixture of mineral aggregate and asphalt
binder. The cementing ability of the asphalt is utilized to bind the aggregate particles
together to form the asphalt concrete mixture.

In response to load and temperature, the behavior of the asphalt concrete mixture
in the field depends on the behavior of its individual ingredients and the combined
interaction between them. However, the asphalt binder’s content, physical properties,
and rheological properties have the most marked effect on the mixture’s stability, tensile
strain, fatigue life, and permanent deformation characteristics (Valkering and Van
Gooswilligen, 1989; Pell and Cooper, 1975; Shook et al., 1982; Monismith et al., 1984;
Brown, 1987).

In a study conducted by Fatani and his coworkers (1992) on the permanent
deformation (i.e. rutting) of flexible pavements in the Kingdom of Saudi Arabia, a wide
rangé of roadways were selected based on predetermined criteria such as traffic, structural

design, construction specifications, and performance. More than twenty road sections,
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rutted and non-rutted, were selected. These sections were subjected to comprehensive
laboratory and field tests to identify the causes of the rutting. The properties of the
asphalt binder, the aggregate, and the asphalt concrete mixture of rutted and non-rutted
sections were statistically compared. The rutted and non-rutted sections were taken from
the same road, while all other variables such as traffic, environment, etc. were kept
constant. Based on the results of these comparisons, the asphalt binder was found to be a
contributing factor in the kingdom's pavement rutting problem. This conclusion was
reached because the asphalt concrete mixtures in rutted and non-rutted sections showed a
significant difference in the physical properties of their asphalt binders as shown in Table
21. The study also concluded that a thorough investigation of the physical and
rheological properties of local asphalt is needed.

The literature review is divided into three sections. The first section briefly
describes the asphalt binder's properties, testing, and rheology. The second section
focuses on polymers, and the third section summarizes national and international efforts

in the field of polymer modification of asphalt binders.

2.1 ASPHALT BINDERS

An asphalt binder, as defined by the American Society for Testing and Materials
(ASTM, 1985), is a dark brown to black cementitious material in which the predominate
constituents are composed principally of high molecular weight hydrocarbons. Asphalt
possesses strongly adhesive and water resistance characteristics. Asphalt binders are
thermo-visco-elastic materials. They behave as elastic solids at either low temperatures

or during rapid rates -of load application and behave as viscous liquids at either high



Table 2.1: Physical Properties of Asphalt Binders from Rutted and Non-Rutted Sections

in the Kingdom of Saudi Arabia (Fatani et al, 1992).

Absolute Viscosity Kinematic ] \
Road Name Study Section @60°C Viscosity @ 135 °C Softening Point
Poises cSt °C

Abuhdriah Expressway-Section A Non-Rutted 64795 1843 66.2
Abuhdriah Expressway-Section A Rutted 20765 1258 62.1
Abuhdriah Expressway-Section B Non-Rutted 48228 1559 67.6
Abuhdriah Expressway-Section B Rutted 42365 1646 64.1
Riyadh-Qassim Expressway-Section 2| Non-Rutted 66252 1264 65.3
Riyadh-Qassim Expressway-Section 2 Rutted 20601 930 60.5
Riyadh-Qassim Expressway-Section 3| Non-Rutted 206568 2344 742
Riyadh-Qassim Expressway-Section 3 Rutted 33826 1352 63.2
Jammom-Zima Road Non-Rutted 93732 2128 70

Jammom-Zima Road Rutted 65862 1920 68.6
Jeddah-Makkah Expressway Non-Rutted 174691 2278 722
Jeddah-Makkah Expressway Rutted 43668 1420 64.6
Makkah-Taif Expressway Non-Rutted 11351 893 58.8
Makkah-Taif Expressway Rutted 7552 769 54.1

Statistical Analysis of the Asphalt Properties
Variable Mean
Noane-Rutted Rutted P-Value Sigml;c:nt @

Absolute Viscosity 88861.88 33519.86 0.056 Yes
Kinematic Viscosity 1782.75 1327.86 0.078 Yes
Softening Point 67.9 62.46 0.04 Yes
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temperatures or during slow rates of load application. Asphalt binders are required to
have a very low sensitivity to thermal changes and rate of load application and should
have high resistance to permanent deformation, tensile stresses, and fatigue stresses
(Brule, 1988).

Some asphalt binders will have suitable structural balance to provide the required
behavior while others will be less capable of doing so. On the other hand, some service
conditions, such as that of the Gulf countries, may be so severe that no asphalt binders
will be able to withstand them without modification (Goodrich, 1989; Focus, 1991;
Fatani et al, 1992). Daily and seasonal temperature variations, increased truck traffic
volume, loading and tire pressure, high temperature permanent deformation, and low
temperature thermal cracking have led to an increasing need for asphalt binder
modification (Anderson, 1991).

Asphalt binders are obtained by various refining processes. They can be the
residue from vacuum distillation, or they can be the material precipitated by liquid
propane-liquid butane mixtures during the deasphalting stage of petroleum refining.
Most asphalts are straight distillation residue. The behavior and properties of asphalts
are dependent on their constituents. The commercial types of asphalt can broadly be
classified into two categories (Roberts et al, 1991):

1. Natural asphalts: These are naturally found deposits of soft and hard friable
black materials such as the Trinidad Lake deposits on the island of Trinidad in the West

Indies.
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2. Petroleum Asphalts: These are colloidally dispersed hydrocarbons obtained by
refining crude oils. These are commonly used in the construction of flexible pavements
worldwide as well as in the Gulf countries.
A survey of the existing refineries in the Gulf countries indicated that the

following four refineries produce asphalt binders:

1. Ras Tanura Refinery, Saudi Arabia (RT).

2. Riyadh Refinery, Saudi Arabia (RY).

3. Al-Ahmadi Refinery, Kuwait (KW).

4. BAPCO, Refinery, Bahrain (BH).

2.1.1 Physical Properties

The physical properties of asphalt binders are important for various engineering
applications such as quality control during production and construction, storage
requirements, and safety precautions, to name just a few. The most important physical
properties are specific gravity, consistency, thermal coefficients, surface tension,
solubility in solvents, and flash point.

Specific gravity is useful in making temperature-volume corrections and in
determining the proper weight of the asphalt binder during construction. The specific
gravity of asphalt refined from petroleum at ordinary temperature varies from 0.95 to
1.05. The specific gravity of an asphalt binder is measured using the pycnometer method
(Monismith, 1985; Roberts, 1991).

Consistency describes the degree of fluidity or plasticity of an asphalt binder at

various temperatures.” The importance of investigating this physical property of an
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asphalt binder is realized due to the thermoelastic nature of asphalt binders. Asphalt
possesses varying consistency and fluidity levels at different temperatures. Realizing the
variation in consistency with temperature of an asphalt binder is important since asphalt
mixes go through various stages of heating during production and construction. Asphalt
binder consistency is measured at various physical states such as the semi-solid range
using a penetration test, beginning of fluidity using a softening point (R&B) test, fluidity
range using viscosity tests, and elongation using a ductility test (Roberts, 1991; Asphalt
Institute, 1983; Heukelom, 1973).

Thermal coefficients such as coefficients of cubical expansion, linear expansion,
specific heat, ‘and thermal conductivity are important when calculating asphalt shrinkage
for sealing and joint filling, when calculating storage capacity, and when predicting low
temperature cracking. The cubical and linear coefficients of expansion range from about
33 x10°t042x 107 per °C and from 6 x 10~* to 2 x10™ per OC respectively. Thermal
conductivity and specific heat range from 0.12 to 0.15 kg-cal/m/OC hr and 0.413 to 0.447
cal/gm/OC respectively (Barth, 1984; Finn, 1967; Saal, 1958).

Surface and interfacial tension of asphalt binders controls their ability to spread
onto and resist stripping off of aggregate surfaces. The performance of asphalt binders in
the presence of water is dictated by their surface and interfacial tension characteristics.
Surface tension for asphalt binders ranges from 21 to 39 dynes/cm® with typical values
being 25 to 30 dynes/cm® Interfacial tension is the energy or work required to enlarge
the surface of separation between the asphalt binder and the aggregate. It becomes vital

in studies of emulsification of asphalt, asphalt soil stabilization, and detection of salts and
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impurities in asphalt binders. Interfacial tension between an asphalt binder and water
ranges between 15 to 30 dynes/cmz with typical values being 15 to 20 dynes/cmz.
Interfacial tension can be determined through microscopic methods. This is done by
measuring the dimensions of drops of asphalt binder on a flat plate (Monismith, 1985;
Saal, 1958).

By definition, an asphalt binder is totally soluble in carbon solvents. The
presence of insoluble matters such as wax, fillers, inert materials, clays, silts, or metallic
oxides in an asphalt binder affects its purity and reduces its cementing ability. Solubility
of an asphalt binder in trichloroethylene, for example, should be at least 99.0%. Asphalt
binder purity is determined by the solubility test (Roberts, 1991; Ministry of
Communications, 1972; Barth, 1984).

Flash and fire characteristics of an asphalt binder are conventionally measured as
a safety precaution, since asphalt binders are heated to high temperatures during
production and during construction of asphalt concrete mixtures. Asphalt binders will
produce enough vapor to flash if heated to high temperatures. The presence of volatile
low boiling oil fractions in an asphalt binder increase the amount of vapors and hence
reduce the temperature at which flashing will occur. The flash point of an asphalt binder

is measured using the Cleveland open cup method (Barth, 1984; Roberts, 1991).

2.1.2 Rheology
The term rheology refers to the science of studying the deformation and flow
properties of substances. In studying the rheology of an asphalt binder, the variations or

changes in the physical properties of an asphalt under heating, cooling, flow,
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solidification, distortion, and stress are quantified. More precisely, studies of asphalt
rheology concentrate on determining the stress-strain relationship as a function of load
time and temperature. Asphalt rheology is concerned with (1) What kind of colloidal
system is to be measured in engineering units, and (2) What is the physical or mechanical
stability of this colloidal system under varying conditions of temperature, time, and stress
(Thenoux, 1987; Barth, 1984; Sisko and Brunstrum, 1969; Finn, 1967).

Asphalt must meet two rheological requirements: It must deform without rupture,
and it must recover from these deformations. The patterns to be considered in asphalt

rheology studies include the following:

p—t

Elastic response after a series of deformations,
2. Stress or strain relaxation after deformation,
3. Strain relaxation with time,

4. Creep recovery, and

5. Change of strain with time under a constant stress (creep).

Temperature greatly affects the flow, brittleness, and consistency of asphalt
binders. Because asphalt is made up of a large number of hydrocarbons, increasing
temperature will gradually change the physical state of the asphalt from semi-solid to
fluid. (Brule et al., 1988 ).

Asphalt binders are neither perfectly elastic, obeying Hook's law of elasticity, nor
perfectly viscous, obeying Newton's law of viscosity. Asphalts behave, within a normal

temperature range of —10°C to 60°C, as either visco-elastic or as a non-Newtonian
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material, where a delayed elastic response govemns its behavior. At either low
temperatures (below —10°C) or at high rates of loading, they may behave as elastic
material; however, at high temperatures (above 60°C) or at low rates of loading, they may
behave as viscous material (Thenoux, 1987; Barth, 1984).

The lack of correlation between the rheological properties and asphalt binder
physical properties currently used to gradé asphalt is strongly evidenced by the fact that
asphalt meeting the same physical criteria (penetration and/or viscosity) did not perform
similarly in the field. This is due to the fact that these tests do not recognize the non-
Newtonian characteristics of asphalt. For example, asphalt from different sources having
the same pene&aﬁon will exhibit a wide range of variation in the viscosity as shown in
Table 2.2 (Lenoble, 1994; Thenoux, 1987: Rogue, 1985; Webster, 1987; Huber and
Heiman, 1987; Barth, 1984).

Asphalt binders can be classified into three rheological classes: sol (viscous or
Newtonian), sol-gel (visco-elastic), and gel (elastic or non-Newtonian) (Saal and Labout,

1954; Monismith, 1985).

Sol Asphalts (Viscous or Newtonian)

In these asphalts, the asphaltenes are well dissolved in the oil-resin phase. They
manifest a purely viscous flow. Shearing stress and rate of shear exhibit a linear
relationship with a constant slope representing the viscosity, and they are highly
temperature susceptible. At high temperature they become fluids of high viscosity, while

at low temperatures they become brittle. They are typically made from refinery



Table 2.2:  Variation of Saybolt-Furol Viscosity @
1359C for 95/100 Penetration Grade Asphalt

(Barth, 1984)
Origin Viscosity (Sec.)
Kemn River, California 81
- Smackover, Arkansas 160
Mara, Venezuela 163
Lagunillas, Venezuela 181
Kirkuk, Iraq 187
Kuwait 189
Irma, Arkansas 210
Baxterville, Mississippi 245
Panuco, Mexico 290
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lubricating-oil extracts.

Sol-Jel Asphalts (Visco-Elastic)

Sol-Jel asphalts are typically made from steam and/or vacuum refined petroleumn
asphalts. Elastic deformability exists in them. At constant shear stress, the rate of
deformation decreases at the beginning of the test and recovers after stress removal. In
general, these types of asphalts exhibit both definite elastic effects and some permanent
deformation. They also exhibit intermediate temperature susceptibility and are termed as

normal asphalts.

Jel Asphalts (Elastic or Non-Newtonian)
In jel-type asphalts, the asphaltenes are poorly dissolved in the oil-resin phase.
They exhibit a considerable amount of retarded deformation, showing some properties of
true gels such as complex flow, various forms of resilience, and thixotropy. Their
temperature susceptibility is low.
Rheological evaluations of asphalt binders include the following properties:
1. Viscosity
2. Temperature susceptibility
3. Age hardening
4. Stiffness modulus

5. Shear susceptibility
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2.1.2.1 Viscosity

Viscosity is defined simply as the flow resistance of a liquid. It is regarded as the
broad general term for consistency. Consequently, the higher the viscosity value of a
liquid the more nearly it approaches a semi-solid state (Wallace and Martin, 1967).
Viscosity is considered as a fundamental measurement of asphalt binder consistency
since it is not affected by changes in the configuration of test instrumentation or the
geometry of the sample (Puzinauskas, 1980). Viscosity is not only a numerical value, it
refers to the rheological state, whether a Newtonian or non-Newtonian fluid, of the
asphalt binder (Barth, 1984).

For asbhalt binders, two types of viscosity are commonly measured: the absolute
viscosity at 60°C and kinematic viscosity at 135°C. These measurements are commonly
performed using viscosity tubes. Rotational viscosity at 135°C is gaining more attention
and is measured using a Brookfiled viscometer. Another device used to measure
viscosity is the sliding plate viscometer, which allows measurement of viscosity at low

temperatures such as 25°C (NATC, 1993; Finjin and Krooshof, 1970).

2.1.2.2 Temperature Susceptibility

The rate at which asphalt changes from a certain consistency state to another, as
measured by either penetration or viscosity, is defined as the temperature susceptibility.
Foi example, the higher the rate of change or the greater the slope of the temperature
viscosity relationship, the higher the temperature susceptibility of the asphalt binder

(Mcleod ,1989, 1972: Button et al, 1983).
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Many indexes were developed to evaluate the temperature susceptibility of asphalt
binders. These include the penetration index (PI), the penetration-viscosity number
(PVN) index, and the viscosity-temperature susceptibility (VTS) index.

As derived from the penetration test, temperature susceptibility is defined as the

penetration index, PI, and can be calculated from the following equation:

I = i‘ﬂé 2.1)
1+504
where,
A= log pen at T: - log pen at T2 2.2)
Ti-T:

pen = penetration at 100 gm and 5 sec

T; temperature, “C

Pl ranges from minus three (~3) for highly temperature susceptible asphalt
binders to plus seven (+7) for the least temperature susceptible asphalt binders. Normal
asphalt binders are defined as those having a penetration index between zero (0) and
minus one (~1). The penetration index values of various asphalts are shown in Table 2.3
(Roberts, 1991; Monismith, 1985; Pfeiffer and Van Doormal, 1950).

The penetration viscosity number, PVN, is based on the penetration of the asphalt
binder at 25°C and viscosity at either 60°C or 135°C.  Lower PVN indicates greater
temperature susceptibility. Typical values range between 0.0 to —1.5 (McLeod, 1972 and
1989). The following formula is used to calculate the PVN (Roberts, 1991; Heukeolm,

1973; Monismith, 1985):



Table 2.3: Penetration Index of 85-100 Penetration Grade
Asphalt Binder from Various Sources (Barth, 1984).

Asphalt Source Penetration Index

1. Steam and/or vacuum refined type

Boscan (Venezuelan) -0.3
California (USA) -1.8
Poza Rica (Mexico) -0.7
Ragusa (Italy) -0.3
Kuwait -1.7t0 -0.3
Kirkuk (Iraq) -.08
Aramco (Saudi Arabia) -0.7

2. Oxidized Type

Kuwait -1.0toover 1.0

California, Ragus, Trinidad over 1.0

3. Coal tar pitch (2 penetration) -4
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_ (4.258 - 0.796710g P) - log X

(- 1.5) 2.3)
(0.7951 - 0.1858 log P)

PVN

where

X = viscosity at 135°C, cSt

P = penetration at 25°C, dmm

The viscosity temperature susceptibility index, VTS, is based on the viscosity at
two temperatures. The higher the VTS number, the higher the temperature susceptibility
of the asphalt binder. VTS typically ranges between 3.36 to 3.98 and can be calculated

using the following formula (Roberts, 1991; Terrel, 1988: Puzinauskas, 1980; Thenoux,

1987):
VTS = loglognat T: - loglog nat T 2.4)
log T - log T:
where
n = the viscosity at T, orT, cSt
T; = temperature, °C
2.1.2.3 Age Hardening

Two modes of asphalt aging is evident, the first is the rapid aging due to the high
temperature of the asphalt mixture production and the second is the slow aging at the low
temperature in the road. The properties of the aged asphalt is more important than the
properties of the fresh asphalt since the asphalt binder will exhibit some aging once
incorporated into the hot mixture. Aging of asphalt binder is an undesirable action since

it increases the cracking potential of the asphalt concrete mixture (Roberts, 1991).
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Asphalt binder age hardening in service has been attributed to six factors as
follows (Roberts, 1991 and Monismith, 1985):

(1) Oxidation: reaction of the asphalt binder with oxygen,

(2) Volatilization: evaporation of light constituents of the asphalt binder,

(3) Polymerization: combining of like molecules to form larger ones,

(4) Thixotropy: steric hardening due to formation of a structure with time,

(5) Syneresis: exudation reaction of thin oily liquids to the surface and

(6) Separation: removal of the oily constituents, resins or asphaltenes due to

selective absorption of some aggregate.

Many researchers tried to develop test methods to predict the in service aging of
the asphalt mixture such as Thin Film Oven Test, Rolling Thin Film Oven Test, Tilted
Thin Film Oven Test, Microfilm Durability Test, Rolling Microfilm Circulating Test and
the Pressure Aging Vessel (Valerga et al, 1970; Griffin et al, 1959; Schmidet and
Santucci, 1973 ; Kemp, 1984 ; Lang and Thomas, 1939 ; Hveem et al., 1959 : Welborn,
1984, ; Button, 1983, NATC 1993).

To evaluate the effect of aging on asphalt, consistency tests are usually performed
on fresh samples. Those samples are then aged using the TFO or RTFO, and the
consistency tests are repeated on the aged samples. The following indices are usually used
to quantify the amount of heat hardening:

- Retained penetration @ 25°C,

Pen @ 25°C of aged samples
RP - 2.5
25 Pen @ 25°C of fresh samples @5)




Larger RP25 indicates lower heat hardening.

- Retained penetration @ 4°C,

Pen @ 4°C of aged samples

= (2.6)
RP4 Pen @ 4°C of fresh samples

Larger RP4 indicates lower heat hardening.

- Viscosity ratio @ 60°C,

VR0 = Absolute viscosity @ 60°C of aged samples 2.7)
" Absolute viscosity @ 60°C of fresh samples )

Larger VR60 indicates larger heat hardening.

- Viscosity ratio @ 135°C,

Kinematic viscosity @ 135°C of aged samples
VR135 = — o S (2.8)
Kinematic viscosity @ 135°C of fresh samples

Larger VR135 indicates larger heat hardening.

2.1.2.4 Stiffness Modulus

The Stiffness Modulus is the ratio of applied stress to resulted strain. Due to the

rheological nature of asphalt binders and the dependency of their behavior on temperature

and time rate of loading, the asphalt binder stiffness modulus is determined and specified
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as a function of temperature and time. Van Der Poel (1954) suggested to use a single
stress and the resulted strain to determine the asphalt binder stiffness modulus. The
following formula represents this idea:

SKT) = ok (2.9)
where

stiffness in psi or kg/cmz,

7]
I

¢ = applied axial stress,

€ = resulted axial strain,

t = time of loading, and

T = temperature of testing.

The asphalt binder stiffness modulus can be determined by direct or indirect
methods. Direct methods determine the asphalt binder stiffness by conducting creep,
relaxation, and constant-rate-of strain in either compression, tension, dynamic or flexural
testing. The Shell sliding plate rheometer is used to measure asphalt binder stiffness at
low temperatures and was used to verify the accuracy of different indirect methods used to
predict asphalt binder stiffness (Fenjin and Krooshof, 1970; Roberts, 1991; Anani and Al-
Abdullwahhab, 1.982).

Indirect methods provide an estimate of asphalt binder stiffness through the use of
nomographs that utilize routine laboratory testing such as softening point and penetration

(Van Der Poel, 1954; Finn, 1967; Monismith, 1985).
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2.1.2.5 Shear Susceptibility

Asphalt binders that obey Newton's law of viscosity (at high temperature or slow
rate of loading) can be characterized by a single constant property, namely, the coefficient
of viscosity, n, relating the shear stress to the rate of shear. In this case, the viscosity
does not change with the rate of shear. The shear stress vs. shear rate relationship is a
straight line with the slope representing the viscosity.

On the other hand, non-Newtonian asphalts (at low temperatures or fast rate of
loading) are those that exhibit a change in viscosity with a change in the rate of shear. In
other words, the viscosity depends on the rate of shear and increases as the rate of shear
increases.

The shear index is the rate of change of viscosity with the rate of shear. It can be
determined by conducting viscosity measurements at various shear rates and then plotting
the shear rate vs. viscosity ona log-log graph. The slope of this plot is the shear index

(Roberts, 1991; Barth, 1984; Puzinauskas, 1980; Bahia and Davies, 1994; Traxler, 1963).

2.1.3 Asphalt Binder Characterization
Many researchers have found that conventional evaluations of asphalt binders,
those based on penetration and viscosity, are lacking.
1. They do not directly correlate with the actual service behavior of the pavement.
2. They do not address any mode of pavement failure.
3. They do not control variations in viscosity at temperatures other than testing

~ temperatures.
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4. They do not reflect the effect of the aging process as shown in Figure 2.1.

Physical properties currently in use are not sufficient to predict asphalt
performance (Dickinson, 1981; Epps, 1983; Puzinauskas, 1967; Garrick et al., 1988;
Brule et al., 1986).

Performance-based evaluations of asphalt binders would specify and require those
properties and quality levels that, if achieved during production and construction, will
ensure acceptable service over a given period of time. Performance-based evaluations
specify meaningful and precise test methods whose parameters can be related to
performance of the material in service. This type of evaluation is needed mainly for two
reasons: (1) to preserve the huge investment in the roadway network by minimizing
maintenance and rehabilitation costs and maximizing the service life of the pavement
structure and (2) to prevent premature failures (rutting, fatigue, and low temperature
cracking) that are being experienced (Epps, 1983).

Bahia and Anderson (1994) presented an excellent compilation and summary of
the problems and deficiencies in conventional asphalt binder characterization
methodologies. The following paragraphs further summarize their findings.

Asphalt binder rheological characterization has long been recognized by
researchers and engineers dealing with flexible pavements. However, this was never an
easy task due to the nature of the asphalt binder and the complexity and high costs of the
required testing equipment. This has led researchers to adapt simplified asphalt binder

properties that randomly were correlated with various indicators of pavement
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performance. These properties can be divided into three main groups: (1) empirical

single point measurements, (2) viscosity measurements, and (3) susceptibility parameters.

2.1.3.1 Empirical Single Point Measurements

Penetration, softening point, and ductility are the most common empirical
measures used to characterize asphalt binders and hence, determine the role of the asphalt
binder in pavement performance. This is done by correlating those empirical measures
with pavement performance indicators such as rutting, fatigue, and thermal cracking.

The fact that these measures are empirical has not allowed them to be expressed in
engineering units nor allowed them to be directly related to the required rheological
properties of the asphalt binders. Moreover, they do not consider the dependency of the
asphalt binder behavior on rate of loading and do not indicate whether the asphalt at the
test temperature is more elastic or more viscous. These measures are independent
because they are conducted at different temperatures, different loading modes, and
different loading rates.

Many studies have tried to correlate these measures with fundamental rheological
properties.  Several formulas were proposed to calculate the coefficient of viscosity from
penetration (Saal, 1958; Heukelom, 1973; Van Der Pole, 1954). Ductility could not be
correlated with any fundamental property. Current correlations related to these measures
are specific to the type of asphalt binders studied, suffer from exceptions and size of

sample and, therefore, lack statistical significance.



2.1.3.2 Viscosity Measurements

Absolute viscosity is a fundamental measure of Newtonian fluids. Asphalt
exhibits this type of flow only at high temperatures or at slow rates of loading. In
practice, temperature levels and traffic loading do not fall in this range; therefore, the
asphalt will respond in a non-Newtonian fashion and cannot be characterized by the
absolute viscosity.

The apparent viscosity measured at a certain shear rate, strain, or stress isa
fundamental property that represents asphalt binder behavior only at the selected shear
rate, strain, or stress. The question imposed is, “Where should the abparent viscosity be

measured within the time, stress, and temperature domains?”

2.1.3.3 Susceptibility Parameters

The problems mentioned earlier regarding single point measurements have led
many researchers to develop parameters that describe a wider range of asphalt binder
properties within the time-temperature domain.

Temperature susceptibility methods, discussed in section 2.1.2.2, were developed
to assess changes in asphalt binder consistency with changes in temperature. These
methods have inherited the deficiencies associated with the empiricism and the
rheological problems discussed earlier for the measures used to compute them. Figure.
2.2 shows three asphalt binders with the same stiffness at 77°C, yet they have completely

different temperature susceptibility levels. These methods neglect the fact that asphalt



A - Low Temp. Susceptibility

Asphait

B8 - Medium Temp. Susceptibility
Asphalt

C - High Temp. Suscepfibility
Asphalt

s —— — C—— ——— — — ————

STIFFNESS

77
TEMPERATURE (°F)

Figure 2.2: Temperature Susceptibility of Asphalt Binders (Roberts, 1991)

29



30

binder rheological properties are time dependent; furthermore, they do not represent a
constant material property since the time-temperature dependency is non-linear.

Shear susceptibility parameters such as the shear index and the degree of complex
flow were used to represent the shear susceptibility of asphalt binders. Both parameters
are determined assuming a linear relationship between shear stress and rate of shear,
which in fact is not always true. The relationship between shear stress and shear rate is
linear only at very small stress levels and is non-linear elsewhere. The load history also
affects both parameters. Moreover, the problems associated with the apparent viscosity
discussed earlier influence the shear susceptibility parameters.

These important findings related to the conventional measures have paved the
way for the Strategic Highway Research Program (SHRP) to suggest new fundamentally

sound rheological parameters to represent asphalt rheological behavior.

2.1.3.4 Rheological-Performance Based Evaluation S ystem
The SHRP proposed new measures and properties were selected carefully based
on the following criteria:
1. identifying critical pavernent failures,
2. understanding the identified failure mechanisms,
3. defining the asphalt binder role in resisting the identified failures, and
4. selecting the required measures that best reflect the binder’s role.
The critical pavement failures identified were (1) Rutting, (2) Fatigue Cracking,
and (3) Low Temperature Cracking. These failures were thoroughly evaluated, and the

role of the asphalt binder was identified. The properties of asphalt binder that control the
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occurrence of these failures was determined. These properties were then used to evaluate
asphalt binder concerning its performance in actual service.

The suitability of a given asphalt binder to a certain area is determined by the
extreme temperatures (average seven day maximum pavement design temperature and the
minimum pavement design temperature) and the anticipated traffic usage level for the
facility under consideration. The asphalt binder rheological properties related to the
above mentioned distresses were specified and are required to satisfy a certain threshold
value at the temperature regime in which the binder is expected to serve. The selected
tests in the proposed asphalt binder evaluation as well as their Mhold values are

briefly described in the following sections.

2.1.3.4.1 The Rotational Viscometer

High temperature workability of the asphalt binder during pumping and mixing is
characterized by the rotational viscosity. This viscosity is measured using the Brookfield
apparatus which is a rotational coaxial cylinder viscometer. SHRP has specified a
maximum value of 3000 cP for the rotational viscosity measured at 135 °C so that the

asphalt binder has an adequate workability and pumpability.

2.1.3.4.2 The Dynamic Shear Rheometer
The viscous and elastic behavior of asphalt binder are characterized by the
dynamic shear rheometer (DSR). This characterization is accomplished by measuring the

shear modulus , G*, and the phase angle, o, of the asphalt binder as shown in Figure 2.3.
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G* is a measure of the total resistance of the asphalt binder to deformation and is
calculated by the following formula:
G* =1 Wmax (2.10)
where,

Tmax = the maximum shear stress, and

Ymax = the maximum shear strain.

The phase angle, &, is a measure of the distribution of the relative amounts of
recoverable and non-recoverable deformation as shown in Figure 2.4. The phase angle is
computed as the time lag between the applied strain and the resulting stress.

SHRP evaluation system provides two parameters these are:

1. G*/sin 6 at the average 7-day maximum pavement design
temperature for the control of rutting.

2. G®sin & at moderate pavement temperature for the control of
fatigue cracking.

A minimum threshold value for the parameter "G*/sin (8)" measured at the
maximum. pavement design temperature and an oscillation frequency of 10
radians/second (1.59 Hz) are specified; (1) for the fresh (unaged) sample "G*/sin (5)"
must be more than 1.0 kPa at a strain amplitude of 12.5 % and (2) for the rolling thin film
oven residue (RTFOT) sample "G*/sin (8)" must be more than 2.2 kPa at a strain

amplitude of 10 %. For the control of fatigue cracking, the parameter G*sin & at a

frequency of 10 radians/second (1.59 Hz) and a strain amplitude of 1.0 % must be less
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than 5000 kPa measured at the moderate pavement temperature for the pressure aging

vessel residue sample (NATC, 1993; Goodrich, 1988 and 1989; Dickinson, 1981).

2.1.3.4.3 The Bending Beam Rheometer

The low temperature parameters are measured by the bending beam rheometer
(BBR). The BBR measures at the minimum pavement design temperature, on a beam
sample of the asphalt binder, the constant loading resistance and the changes in the
stiffness with changes in the time of loading and compute the creep stiffness and the
m-value which is the slope of the log creep stiffness vs. log loading time curve at 60
seconds. For an adequate low temperature cracking resistance, the creep stiffness must
be less than 300 MPa and the m-value must be greater than 0.3.

Creep stiffness is a measure of the asphalt’s resistance to deformation due to
constant loading, and it is calculated by measuring the deflection of the beam after 60
seconds of loading and substituting its value in the following equation:

S() =PL*/b h*5(t) | (2.11)
where,

S(t) = creep stiffness at time, t = 60 seconds:

P = applied constant load, 100 g

L = distance between beam supports, 102 mm;

b = beam width, 12.5 mm;

h = beam thickness, 6.25 mm; and

&(t) = deflection at time, t = 60 seconds.
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Creep stiffness is desired at the minimum pavement design temperature after 2
hours of load. However, the SHRP team utilized the temperature-time superposition by
raising the test temperature 10°C. An equal stiffness is obtained after a 60 second loading
(Asphalt Institute, 1993). If the creep stiffness is too high, the asphait will behave in a
brittle manner, and cracking will be more likely to occur. SHRP recommends a maximum
value of creep stiffness. The m-value is the rate of change of binder stiffness with load. It
is the slope of the log stiffness versus log time curve at any time t. A higher m-value is
desirable because it means when there is a change of temperature, the thermal stresses will
accumulate but the stiffness will change fast. This leads to the stresses being absorbed and
prevents stresses from building up. SHRP recommends a minimum value for m (Asphalt

Institute, 1993). This test is a way to measure the resistance of the AC to thermal cracking.

2.2 POLYMERS

The word polymer is a combination of two Greek words "polys" and "meros".
“Polys" means numerous, and "meros" means part; therefore polymer is a compound of
numerous parts. Actually, a polymer is a large molecule which consists of one or more
repeating units linked together by covalent bonds.

A repeating unit is simply a group of atoms linked together covalently ina
particular arrangement.  For example, polyvinyl chloride (PVC) has the following

repeating units:
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A molecule of PVC is a series of these units covalently bonded together as follows:
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To indicate the molecular weight, it is usually convenient to use the following

shorthand molecular notation:

,::—0—::,
]

where the subscript (n) indicates the number of repeating units within the polymer and is

termed as the degree of polymerization (d.p.)

The length of a polymer molecule is directly related to (n), and polymers are often

regarded as molecules with n >>> 100. For example, a typical molecular weight for a
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PVC molecule is 50,000 g/mol. This means that 6.02 x 1023 of these molecules weigh
50,000 grams.

Another term related to polymers is monomer. The monomer is the chemical
compound that is used to produce the polymer. For example, ethane is the monomer, or
the base chemical compound, in a gaseous form that when subjected to a polymerization
process produces a polyethylene polymer (Young, 1981; Brandrup et. al., 1975;
Bilmeyer, 1971).

Following are the four generic groups of polymers leading the polymer
modification systems that show improved performance in asphalt binders:

1. Thermoplastics (SBS, SIS),

2.  Rubbers,

3.  Thermoset, and

4. Thermoplastic block copolymer.

Polymeric waste materials are typically used to improve asphalt binder properties

for three reasons (Khedaywi and Abu-Orabi, 1989):
1. Availability and relative low cost
2. Improvement of asphalt properties
3. Reduced environmental pollution

Different agencies classify asphalt binder modifiers in different ways. One
classification system is to classify the modifiers according to the generic type of material
such as rubber, plastics, fibers, fillers, extenders, oxidants, antioxidants, hydrocarbons,
and antistriping agents. Rubber and plastic materials are those of concern in this

research. Table 2.4 shows this classification as related to rubber and plastic. For each
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Table 2.4: Examples of Asphalt Binder Modifiers (Petersen, 1993)

Modifier Dosage Mixing .
Type Producer| Trade Name (total mix) | Temperature Attributes
Ultra-Pave70 Not Less temp. susceptibility,
SBS Goodyear |Ultra- 2-5% Avalialble rutting, helps prevent
Pave65K cracking and aging
Improves resistance to rutting,
no significant changes in
g?):fn;er ?l:;?ic al Polybelt 2-6% 320-350 °F {production, placement, and
poly compaction of mixture is
required.
Improves durability and water
damage resistance of mix,
reduces deformation, no
LDPE Ergon Sealo-Flex 3-7% 325-400 °F |significant changes in
production, placement, and
compaction of mixture is
required
Improves temperature
-6° -350 ©
EVA Dupont Elvax 2-6% 300-350 °F properties of the asphalt.
giﬁiene 04-1% by Increases asphalt-aggregate
Copolymer ARE Inc. | Straflex weight of | 320-350 °F bond and rutting resistance.
(EBC) aggregate
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type, the table includes the producer, trade name, suggested dosage, mixing time and
temperature, packaging, the attributes of the modifier to the asphalt mixture, and the usual
effect of each type on the consistency of the asphalt binder during construction (Petersen,

1993).

2.2.1 Rubber
Rubber is used as an asphalt modifier to increase the stiffness of asphalt at high
temperatures and reduce asphalt stiffness at low temperatures. Rubber has been used in
different forms. Many researchers studied the effect of reclaimed rubbér from tires on the
behavior of asphalt binders and asphalt mixtures. Rubber is a thermoplastic material.
When stretched at room temperature, it will snap back to its original shape and size
(Hicks et al., 1987; Lundy et al., 1987; Reese, 1994; Defoe, 1983; Schuler et al., 1987;
Button et al., 1987; Salter and Rafati-Afshar., 1987; Anderton, 1991; Collins and Mikols,
1985; Nadkarnl et al, 1985; Haas, 1983; Al-Abdul Wahhab and Al-Amri, 1991; Bahia
and Davies, 1994; Reese, 1994).
The rubber additives used to modify and improve asphalt binder properties are as
follows (Terrel and Walter, 1986):
1. Natural latex (NR),
2. Synthetic latex (Styrene-butadiene-rubber or SBR),
3. Block copolymer (Styrene-butadiene-Styrene or SBS), and
4. Reclaimed rubber (Recycled tires).
The attractive rubber properties were flexibility, elasticity, and temperature

susceptibility. Rubber particles used in modifying asphalt binders range from passing
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AASHTO sieve # 16 to retained sieve # 30 at up to 40 % by weight of the asphalt rubber
mixture. The optimum rubber content was about 24% by weight of total mixture (Al-
Abdul Wahhab and Al-Amri, 1991; Bahia and Davis, 1994; Huffman, 1980).

During the reaction, rubber particles swell to 2 to 3 times their original volume.
This causes a large increase in the mass viscosity of the blend. It is hypothesized that

asphalt and rubber have exchange components (Huffman, 1980).

2.2.2 Plastic

Usually plastic refers to the material which can be made to flow under stress. Itis
also used to réfer to the finished product including fillers, stabilizers, etc. Plastics are
usually thermoset or thermoplastic materials. Thermoset can be heated and will flow
under stress, but once cooled, they cannot be re-softened by heat; unlike thermoplastic
materials, which can be softened repeatedly by heat (Karter et al., 1988; Carpenter and
Van Dam., 1987; Anderton, 1991; Collins and Mikols, 1985; Fatani et al., 1992; Al-
Dhalaan et al., 1992).

The most commonly investigated plastics that are used to modify asphalt binders
include low and high density polyethylene (LDPE and HDPE), polypropylene (PE),

ethyl-vinyl-acetate (EVA), and polyvinyl chloride (PVC) (Terrel and Epps, 1989)

2.2.3 Combinations
Plastics and rubbers are usually referred to as polymers. Many polymer
combinations are used to obtain improved asphalt binder properties. Most single

modifiers cannot perform all the required modifications to the asphalt binder. So, a
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combination of two or more polymers can be used to achieve all the requirements. The
most important factor to consider when using a combination of polymers is to avoid
incompatibility and adverse reactions (Goodrich, 1988; Button et al., 1987; Salter and
Rafati-Afshar, 1987; Collins and Mikols, 1985).

To be their most effective as asphalt modifiers, polymers must fulfill certain
structural requirements. They must contain at least two polystyrene blocks per molecule
arranged in linear or branched fashion. An example of a linear arrangement is the
styrene-butadiene-styrene (SBS).  The polymer should be rich in butadiene which
contains typically 30 to 40 % styrene. The molecular weight of the polystyrene block

should be larger-than 10,000 (Kraus, 1982).

2.3 POLYMER MODIFIED ASPHALT BINDERS

Asphalt binder is a thermoelastic material which behaves as an elastic solid at low
service temperatures or during rapid loading and behaves as a viscous liquid at high
temperatures or slow loading. This double behavior creates a need to improve the
performance of an asphalt binder to minimize stress cracking, which occurs at low
temperatures, and permanent deformation, which occurs at high temperatures. Daily and
seasonal temperature variations plus the growth in truck traffic volume and loading have
increased stresses on asphalt binders. This has lead to an increased demand to modify

asphalt binders.
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2.3.1 Need for Modification

The concept of modifying asphalt binders and mixtures is not new. Many authors
have studied the effects of mineral fillers on the behavior of asphalt (Richardson, 1914;
Tunnicliff, 1962; Puzinauskas and Kallas, 1962; Anani and Al-Abdul Wahhab, 1982).
The main reasons for using these fillers and some other types of modifiers is that they are
industrial waste products and they give extra stiffness to asphalt. Another early method
of asphalt modification consisted of mixing two or more asphalt binders of different
paving grades or sources. This technique has continued through the years and often
delivers a satisfactory end product. One major problem with this Vtechnique is that
sometimes asphalts are not chemically compatible. Compatibility cannot be predicted
effectively and leads to premature pavement distresses (Anderton, 1991).

Anderton (1991) has listed the following factors which have led to increasing
interest in asphalt modification:

1.  The growing amount of traffic related distresses resulting from escalating traffic
demands on all types of asphalt pavements. Higher volumes of traffic, heavier
loads, and increasing tire pressures are characteristics of these traffic-related
distresses.

2. The increase in the cost of asphalt binders and the trend in refineries of producing
lighter fuels on the account of asphalt production.

3. Growing economic pressures that lead to thinner pavements and differed
maintenance.

4. Excess supplies of industrial by-products and waste materials. This promotes the

idea of converting them into asphalt modifiers.



5. Continued low-temperature thermal cracking and high-temperature deformation
distresses.

Although the original idea of using asphalt binder modifiers was to getrid of
waste materials, the trend is to produce high-tech modifiers to obtain specific
improvements in asphalt pavements.

Modifiers have been used in asphalt mixes to design against or to repair
pavements from the following distresses:

1. Surface defects

* Raveling
. Stripping
2. Surface deformation
* Rutting
¢ Shoving
* Distortion
3. Cracking
* Fatigue cracking (load associated)
* Thermal cracking (non-load associated)

Terrel and Epps (1989) have graphically represented the typical binder viscosity
(stiffness) temperature relationship for both conventional and ideal modified asphalt-
aggregate mixtures and for both mixing and in-service temperature ranges as shown in
Figure. 2.5. The ideal modified asphalt-aggregate mixture should achieve the following

requirements:
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1. Higher stiffness at high temperature to resist rutting and shoving and to improve

fatigue life.

2. Lower stiffness in low temperature conditions to reduce thermal cracking.

3. Lower stiffness at very high temperatures (mixing and compaction temperatures)

to expedite pumping of the asphalt binder and mixing and compaction of the

asphalt mixture.

4. Increase adhesion between the binder and the aggregate to resist stripping.

In addition to the above requirements, Anderton et al. (1991) have identified the

following reasons for modifying asphalt binders and asphalt mixtures:

1.

2.

10.

11.

Increase strength and stability of mixtures.

Improve abrasion resistance of mixtures and reduce raveling.
Accelerate early stiffening of tender mixtures.

Upgrade marginal asphalt cements.

Rejuvenate aged asphalt binders.

Reinforce asphalt binders and mixtures.

Permit the use of marginal aggregates.

Provide improved crack sealing.

Provide improved resistance to fuel spillage.

Improve resistance to aging or oxidation.

Reduce the structural thickness of pavement layers.

Most modified asphalt binders are currently used in seal coats, dense graded

asphalt mixtures, and open-graded friction courses. Synthetic latex is usually used in

chip seals, and natural latex is also used in slurry seals.
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2.3.2 Polymer Blending

Modifiers are usually supplied in one of the following forms:

1. Powder or dust such as fillers or antistripping agents.

2. Pellets or granules such as some types of polymers (LDPE, HDPE, PP) and sulfur.

3. Fibers such as chopped polypropylene, which are usually formed into small
bundles that disperse during the mixing operation.

4. Liquids such as recycling and rejuvenating agents, which are usually supplied at
high concentrations in drums or tankers.

Each modifier has its own way of mixing and handling. It depends on the
modifier type and the purpose of usage. For each modifier, the method of mixing and
handling is known either from experience or from supplier recommendations (Terrel and
Epps, 1989).

Collins and Boldin (1991) blended the polymer with asphalt by blending the
highest polymer concentration with the asphalt binder. This way they developed a master
batch; then lower concentrations were obtained by diluting part of the master batch with
neat asphalt under low shear mixing for 1% to 2 hours at 180°C. Stirring speed was
adjusted, between 600 to 2,500 rpm, during blending to provide good, consistent agitation
without undue entrapment of air. A three blade 5.0 cm diameter boat probe mixer was
used for blending the polymer with the asphalt binder. The blending time varied, from ¥
hour to 4 hours, depending on the base asphalt binder. The blending end point to produce
a homogenous polymer-asphalt blend was determined visually and continued for an
additional 15 minutes to insure homogeneity of the blend. In order to avoid any aging

effects, samples were tested within 5 to 7 days after blending. To verify this in testing,
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the test started at the highest temperature and was reduced accordingly. After the final
measurement, the sample was brought back to the highest temperature. If the same
measurement was obtained, the cycle was considered; otherwise, the test cycle was
repeated.

Huffman (1980) reported that for a homogenous blend, mixing temperature
should range from 150°C to 230°C, with a typical range of 175°C to 200°C, for a period
between 30 minutes to 4 hours. The temperature at which the blend becomes a
homogenous solution is directly proportional to the polymer concentration and asphaltene
content of the asphalt binder.

On the other hand, blending polyethylene with non-paraffinic asphalt binders
failed because of polyethylene insolubility in asphalts of this type. This necessitated the
use of a catalytic reaction. About 1% to 2% by weight kfc-g catalyst was used to
homogenize the blend of asphalt and polyethylene. Samples with 0.5% and 1% catalyst

were tested for comparison (Milkowski, 1985).

2.3.3 Evaluation of the Modifier Effect

Laboratory and field trials are usually used to evaluate the effectiveness of any
modifier and to determine the best dosage.

In a laboratory evaluation, a set of samples is prepared using different percentages
of each modifier and different sources and grades of asphalt. Also, a set of samples with
no modifiers is prepared to be used as a reference from which to judge the effectiveness

of the modification. The usual laboratory tests include the following:
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1. Study of the morphology of the asphalt-modifier blend using any magnification
procedure. Brule et al. (1988) have suggested that optical microscopy is
sufficient. Bouldin et. al. (1991) used scanning transmission electron microscopy
(STEM) and fluorescence microscopy. McBee et al. (1981) used the scanning
electron microscopy (SEM).

2. Study of the molecular distribution of the mixture using high pressure gel
permeation chromatography (Price and Burati, 1990).

3. Dynamic mechanical analysis (Goodrich, 1988; Focus 1991 and 1992; King, et al
1993; Reese, 1994; Bahia and Davis, 1994). |

4. Measure of the amount of oxidation by infrared analysis and neutron activation

(Goodrich, 1988).

Blends of polymeric materials with asphalt binders are complex and
characteristically unique paving material systems. For any specific asphalt binder, the
physical properties of the asphalt-polymer blend are affected by the amount of polymeric
material added, its composition, and its molecular weight; however, the most important
factor may be the compatibility of the asphalt binder with the admix polymer. The ability
to enhance compatibility is critical to commercial applications of reinforced asphalt
binders (Pearson, 1985). Asphalt-polymer compatibility depends primarily on the asphalt
chemical composition, the equilibrium of the asphalt colloidal structure, and the nature
and characteristics of the polymer. Asphalt must contain enough aromaticity to dissolve

the polymer at mixing temperature (Milkowski, 1985).
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Brule et. al. (1988) indicated that block polymers of butadiene and styrene are the
most effective materials for converting asphalt binder into a rubber-like material. At
ambient temperature, a blend of asphalt binder with a 10 to 14 percentage by weight
butadiene-styrene block copolymer exhibits a multi-phase morphology. The first is a
polymer swelled with some of the lower molecular weight constituents of the asphalt (oils
and resins), and the second is an asphalt phase enriched in asphaltenes. Within the
polymer rich phase, there are two phases. This is due to increasing the polymer
concentration. The first is swollen polybutadiene, and the second is pure polystyrene
domains. If the polymer-rich micro-phase dominates, then the system will act like rubber
and show rubbér-like elasticity and almost complete recovery of deformation. However,
at low polymer concentrations, the polymer rich phase will result in disunited particles,
and the system will behave like an asphalt with enhanced consistency and elastic
properties.

Collins and Bouldin (1991) reported that no significant changes in the mean
molecular weight of SBS polymers were observed during the blending process.
However, temperature must be controlled to avoid excessive viscous dissipation during
high shear mixing. Hot storage could lead to polymer degradation, especially with
unsaturated polymers. The storage temperature should be kept well below 130°C to
maximize polymer stability. To verify storage stability, two samples containing 4% SBS
were blended and exposed to air with gentle agitation. The first sample was stored at 120
OC, and the second sample was stored at 180°C. Polymer stability at 120 °C was
significantly improved relative to the stability of the one stored at 180°C. This could

have been improved if a nitrogen blanket had been used.
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High density polyethylene deserves special attention. The concentration of the
polymer should not exceed 15%; otherwise, the unreacted polyethylene will be
precipitated from the blend after cooling down. Mixing time depends on the mixer type
but ranges from 2-3 hours. Mixing temperature should be between 170°C and 200°C.
Polyethylene is a usefui asphalt modifier for increasing the low temperature fracture
toughness of asphalt. It may also confer additional pavement stability at elevated
temperatures, which would minimize rutting and distortion due to creep (Change et al.,
1988; Aubin and Prudhomme, 1984; Khedaywi and Abu-Orabi, 1989).

The use of dynamic mechanical analysis (DMA) to characterize and evaluate neat
and polymer modified asphalt binders has gained more attention over the last five years.
This is mainly due to the introduction of the asphalt binder grading system and
specifications developed by the Strategic Highway Research Program (SHRP). These
new specifications rely heavily on determining the complex shear modulus of fresh and
laboratory-aged asphalt samples and the flexural creep stiffness at the highest and the
lowest temperatures of the site where the asphalt will be used. Workability and safety of
the asphalt binder against flashing is also evaluated.

Since SHRP binder specifications are considered new, little research, if any, has
been performed using them to evaluate the effectiveness of modifiers.

Bahia and Davies (1994) studied the effect of using crumb rubber (CRM) as a
modifier on the performance-related properties of asphalt binders. Three types of CRM
and four asphalts with different compositional properties were included in the study. In
their evaluation of the effectiveness of CRM on asphalt properties, they measured

rheological properties across a wide range of temperatures covered in the Performance
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Grade (PG) Specification introduced by SHRP. Their testing program was divided into

four main parts:

1.

Rotational viscosity was measured using a Brookfield viscometer at different test
temperatures to evaluate both the change in consistency and the storage stability
after 24 hours of mixing for the different modified binders. This was done to
measure response at pumping, storage, and construction temperatures.

The Dynamic shear rheometer was used to evaluate the two SHRP recommended
parameters namely "G*/sin (5)" and "G*x sin (5)" within the range of maximum
and intermediate pavement temperatures. Two tests were perfdnned in a range of
temperatures (5 to 75°C) to cover the temperature range used in SHRP binder
specifications.

Flexural creep and failure properties at low temperatures were evaluated using the
bending beam rheometer and the direct-tension tester.

Both the thin film oven test (TFOT) and the pressure aging vessel (PAV) were
used to investigate the aging behavior of asphalt rubbers and to compare it with
the behavior of the base asphalts. The dynamic shear rheometer, the bending
beam rheometer, and the direct tension test were used to measure properties after
aging. TFOT was used to simulate aging during the mixing-construction stage,
and PAV was used to simulate long-term field aging that takes place during the

service life of the pavement.
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As recommended by SHRP, to evaluate the contribution of the asphalt binder to
rutting, G*/ sin () is evaluated. To evaluate the contribution of the asphalt binder to
fatigue cracking performance, G* x sin (8) is evaluated. For low-temperature cracking,
three parameters are evaluated: creep stiffness, S(t), logarithmic creep rate, m(t), and
strain at failure. One of their major conclusions was that SHRP testing procedures can be
used to characterize asphalt rubber (Bahia and Davies, 1994; King et al., 1994).

Reese (1994) has indicated that the complex shear modulus (G¥*) generally
increases with increasing rubber content for low concentrations (i.e less than 10%);
however, at higher concentrations (more than 10%), the neat asphalt binder is stiffer than
the modified.

In the Gulf countries, limited research work has been done on the characterization
of polymer modified asphalt cements. Crumb rubber, a local waste from recycled tires,
was investigated and found to improve the temperature susceptibility, and stability, and
stiffness of asphalt concrete mixes (Al-Abdul Wahhab and Al-Amri, 1991). Novophalt®,
a polyethylene-based polymer modification system, and Styrelf, a styrene-butadiene-
based polymer ~modification system, were used in a number of field trials, but no
significant differences were noticed in the rut depth, roughness, and deflection between
polymer modified and non-modified sections (Al-Dhalaan et al,, 1992). Polybilt®, a
styrene-butadiene-styrene-based modifier, and Novophalt® were studied and evaluated
for their potential for improving the rut resistance of asphalt mixes by Fatani et al.
(1992); about 5% by weight of Polybilt® was found to improve the rut resistance of the

asphalt concrete mixes.
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In the field evaluation, different road sections were constructed using different
types of modifiers at different percentages. Control sections were constructed without the
use of modifiers for comparison purposes under the same traffic and support conditions.
The performance of all the sections was evaluated at different time periods to determine
the effectiveness of the used modifiers. The evaluation included a visual inspection, field
testing, and testing of extracted cores (Al-Dhalaan et. al., 1992).

Coplantz et al. (1993) have prepared a comprehensive literature review on asphalt
modifiers entitled "Review of Relationships between Modified Asphalt Properties and
Pavement Performance”.  The scope of the review was to collect and summarize
information on the technical literature relating modified asphalt properties to field
pavement performance. A major conclusion of that review was that asphalt modifiers do
influence binder and mixture properties.

2.3.4 Polymer Modification Cost Effectiveness

Another important factor that needs to be investigated and evaluated in modifying
asphalt binders with polymeric materials is the economics. Many laboratory trials have
justified the use of polymers to improve the properties of asphalt binders, but practical
implementation has always been faced with the increased cost of doing so (Denning and
Carswell, 1981).

A life cycle cost analysis of pavements constructed using various polymer-modified
asphalt binders in comparison to those constructed using neat asphalt binders needs to be
performed. However, the significant increase in resistance to traffic of the asphalt binder

due to the polymer modification (on the order of four times that of the neat
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binder) outweighs the increase in cost due to polymer modification (Lenoble and Nahas,
1994; Dunning et al., 1993).

It is evident from the above discussion and description of the previous efforts in
the field of asphalt binder polymer modification that little work has been done within the
Gulf countries to investigate the utilization of polymers. Moreover, asphalt binders have
not been designed for specific use in pavement construction even though they have many
interesting properties.  Asphalt temperature susceptibility and variable rheological
performance, too soft at high temperature and too brittle at low temperature, lead to
increasing interest in modifying asphalt binders for specific locations and environments.
This research wiil thoroughly evaluate compatibility and effectiveness of locally available
polymers in modifying locally produced asphalt binders for the prevailing environmental

conditions of the Gulf countries.
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Chapter 3

RESEARCH METHODOLOGY

3.1 RESEARCH STEPS

In order to achieve the stated objectives, this part of the research included asphalt
binder samples from all asphalt producing refineries in the Gulf countries. At the time of
this research, four refineries were producing paving-grade asphalt binders. The work was

carried out in three phases as outlined below and schematically presented<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>