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Abstract

In the Gulf countries, asphalt pavements show signs of high severity distresses in the early stages
of service. One of the main factors contributing to these distresses is the asphalt cement. Asphalt cement
is characterized by its viscous and elastic properties. Two tests are used in the Gulf countries to classify
and test for the suitability of an asphalt cement for usage under certain loading and environmental
conditions. They are penetration and viscosity. These tests, however, can't be used to predict the
performance of the asphalt. SHRP has developed a new set of tests which has the ability to predict
asphalt performance because it relies on fundamental asphalt properties. SHRP tests are time consuming
and require expensive and complicated equipment set-up and highly trained operators. Therefore there is
a need to find a simple, reliable, and fundamental test that can be used by asphalt manufacturers for
process control and performance prediction.

High Pressure Gel Permeation Chromatography (HP-GPC) is one of the most advanced
techniques used in characterizing the molecular distribution of liquid materials. It is available in quite a
number of local institutions and oil refineries. It is possible to use this device to predict asphalt
performance if a set of models that relate produced HP-GPC profiles to performance properties can be
developed. HP-GPC has not been used as a standard test for the evaluation of asphalt cement.

In this study, Arabian neat asphalt samples were collected from the different asphalt producing
refineries in the Gulf countries. An additional set of polymer modified samples was included in this
study. All collected asphalt samples were subjected to two aging processes to simulate heating, mixing
and compaction, and in-service aging. The asphalt samples at the different aging stages were subjected to
rheological and performance-based testing. HP-GPC was used to produce profiles of the molecular size
distribution of the test samples. Models were built to predict the rheological and performance-based
properties from the produced HP-GPC profiles. These models will be used to determine the suitability of
using a given asphalt for a specific environmental condition within the Gulf region.
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In the Gulf countries, asphalt pavements show signs of high severity distresses
in the early stages of service. One of the main factors contributing to these distresses
is the asphalt cement. Asphalt cement is characterized by its viscous and elastic
properties. Two tests are used in the Gulf countries to classify and test for the
suitability of an asphalt cement for usage under certain loading and environmental
conditions. They are penetration and viscosity. These tests, however, can’t be used to
predict the performance of the asphalt. SHRP has developed a new set of tests which
has the ability to predict asphalt performance because it relies on fundamental asphalt
properties. SHRP tests are time consuming and require expensive and complicated
equipment set-up and highly trained operators. Therefore there is a need to find a
simple, reliable, and fundamental test that can be used by asphalt manufacturers for
process control and performance prediction.

High Pressure Gel Permeation Chromatography (HP-GPC) is one of the most
advanced techniques used in characterizing the molecular distribution of liquid
materials. It is available in quite a number of local institutions and oil refineries. It is
possible to use this device to predict asphalt performance if a set of models that relate
produced HP-GPC profiles to performance properties can be developed. HP-GPC has
not been used as a standard test for the evaluation of asphalt cement.

In this study, Arabian neat asphalt samples were collected from the different
asphalt producing refineries in the Gulf countries. An additional set of polymer
modified samples was included in this study. All collected asphalt samples were
subjected to two aging processes to simulate heating, mixing and compaction, and
in-service aging. The asphalt samples at the different aging stages were subjected
to rheological and performance-based testing. HP-GPC was used to produce
profiles of the molecular size distribution of the test samples. Models were built to
predict the rheological and performance-based properties from the produced HP-
GPC profiles. These models will be used to determine the suitability of using a given
asphalt for a specific environmental condition within the Gulf region.
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Chapter 1
INTRODUCTION

1.1 GENERAL

Asphalt cement is a rheological, thermoplastic and visco-elastic material. It
is considered a rheological material because its deformation characteristics vary not
only with load, but also with time rate of load applicaion. It is considered
thermoplastic because its consistency or degree of hardness varies with temperature.
Asphalt cement (AC) is neither purely elastic nor purely viscous in behavior. When
loaded rapidly or when at low temperature, it exhibits elastic behavior. When
loaded slowly or when at high temperature, it exhibits viscous behavior. For an
intermediate range of load rate or temperature, AC exhibits a combination of elastic
and viscous behavior. The properties of asphalt are also affected by its age since its
consistency increases with age due to the oxidation process the asphalt is subjected
to during its life cycle. Therefore, when testing for asphalt’s physical properties,
time, temperature, and aging should be taken into consideration. Another factor
which should be considered when defining the physical properties of asphalt is the
possibility of correlating the properties to field performance, i.e., the field
performance of the AC may be predicted from those properties. A new set of tests

have been adopted by the Strategic Highway Research Program (SHRP). These
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tests can be used to evaluate the adequacy of an asphalt cement for a specified
temperature and traffic load, from a performance point of view.

Asphalt chemistry is extremely complex; even utilizing highly technical
analytical tools, it is impossible to identify and quantify all the components of even
a single asphalt. The complexity of asphalt comes from its being a product of crude
oil, which is formed from plant life by a natural process which occurs over
thousands of years under varied conditions of temperature and pressure. Another
factor is that asphalt is actually the residue left after all volatile fractions of the
petroleum have been distilled off. Therefore, asphalt characteristics are affected by
heating temperature and heating time in the distillation tower and the source and
nature of the crude oil from which it;s produced. The principal elements in asphalt
are carbon and hydrogen. Small amounts of sulphur, mitrogen, and oxygen are
present in asphalt. In addition, there are trace amounts of other materials such as
vanadium and nickel. The most important factors affecting the behavior of asphalt
are the way the atoms are incorporated into molecules and the type of molecular
structures that are formed. These factors are more important than the total amounts
of each element. Many molecular structural and chemical variations can be reduced
to classes or types that produce similar effects on asphalt properties (Branthaver et

al., 1993).
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One of the methods which was developed to study the molecular structures
of materials is High Pressure-Gel Permeation Chromatography (HP-GPC). HP-
GPC is an advanced technique which was originally developed to determine the
distribution of molecules in polymers. This technique can also be used to study the
molecular size distribution of liquids such as asphalt. HP-GPC determines the
degree of association of the molecules, which has a great influence on the behavior
of the material. It is expected that comparing the distribution of the molecules
between two asphalts will lead to understanding the difference in behavior between
both asphalts. The molecular distribution of asphalt may have the fingerprint of its
behavior when subjected to heating, construction, and/or field performance.

In this research, the possibility of using the HP-GPC chromatograms to
predict asphalt performance behavior was evaluated. Mathematical models were
generated to predict performance of asphalt cement based on its molecular size.
Those models will hopefully help in understanding asphalt behavior and the
suitability of using a specific asphalt under prevailing loading and temperature
conditions.

In the Gulf countries, there are currently four asphalt producing refineries.
They are the Ras Tanura and Riyadh refineries in Saudi Arabia, the Al-Ahmadi

refinery in Kuwait, and the BAPCO refinery in Bahrain. The asphalt produced by



these refineries is referred to as “Arabian Asphalt”. Asphalts produced by these

refineries are included in this study.

1.2 PROBLEM STATEMENT

In the Gulf countries, asphalt pavements show signs of high severity
distresses in the early stages of service. One of the main factors contributing to
these distresses is the asphalt cement. Asphalt cement is characterized by its
viscous and elastic properties. Two tests are used in the Gulf countries to classify
and test for the suitability of an asphalt cement for usage under certain loading and
environmental conditions. They are penetration and viscosity. These tests,
however, can’t be used to predict the performance of the asphalt (Bahia and
Anderson, 1994). SHRP has developed a new set of tests which has the ability to
predict asphalt performance because it relies on fundamental asphalt properties.
SHRP tests are time consuming and require expensive and complicated equipment
set-up and highly trained operators. Therefore there is a need to find a simple,
reliable, and fundamental test that can be used by asphalt manufacturers for process
control and performance prediction.

High Pressure Gel Permeation Chromatography (HP-GPC) 1s one of the
most advanced techniques used in characterizing the molecular distribution of

liquid materials. It is available in quite a number of local institutions and oil
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refineries. It is possible to use this device to predict asphalt performance if a set of
models that relate produced HP-GPC profiles to performance properties can be
developed. HP-GPC has not been used as a standard test for the evaluation of
asphalt cement, and no models have been generated to predict asphalt performance
based on HP-GPC profiles. There are certain features of the HP-GPC that make the

technique more attractive than other chemical testing procedures. Some of those

features include the following:

it has a minimum disturbance on the forces associating the different

molecules making up the asphalt, and it can detect interactions

between molecules,

- ithas a very high degree of repeatability,

- after setting up the machine, it is simple to operate,

- it can be used to monitor changes during manufacturing, hot mix
processing, or the life cycle of the asphalt, and

- it is available at low cost to asphalt manufacturers compared to

performance testing equipment,

In this research, HP-GPC was used to characterize the asphalts produced by
Gulf countries. Models to predict both the rheological and performance-based
properties of both neat and polymer modified Arabian asphalts, considering in-

service conditions, were generated. These models will be used to determine the



suitability of using a given asphalt for a specific environmental condition within the

Gulf region.

1.3 OBJECTIVES

The main goal of this research was to investigate the feasibility of using HP-
GPC chromatograms to build models that can be used to predict performance and
rheological properties of Arabian asphalt. Such models can be used to fingerprint
asphalts suitable for each temperature range within the Gulf region. To achieve this
goal, the research had the following objectives:

1- Study rheological, performance related properties and high

pressure-gel permeation chromatography of Arabian asphalts.

2-  Using the results obtained in the above item, calibrate and validate
models for predicting the performance and rheological properties of
Arabian asphalt from HP-GPC chromatograms.

3-  Study the effects of aging and polymer modification on the molecular
size distribution of asphalt.

4- Recommend and modify a suitable procedure for analysis of the

different chromatograms produced by the HP-GPC.



Chapter 2
LITERATURE REVIEW

2.1 GENERAL

Emphasis in this literature review is on three major subjects that relate to the
theme of this research. The first is theology of asphalt and the traditional means of
measuring rheological properties and temperature susceptibility. The second is the
need for performance related properties, the aim of the Strategic Highway Research
Program (SHRP), the performance tests included in SHRP, and the parameters
which are determined from the performance tests. The third is the compositional
characteristics of AC and the use of high pressure gel permeation chromatography

to draw profiles of the molecular size distribution for the different samples.

2.2 RHEOLOGICAL PROPERTIES OF ASPHALT

Asphalt cement is a rheological material since its behavior depends on both
temperature and rate of loading. In other words, its stress strain characteristics are
time and/or temperature dependent. Fig. 2.1 shows the relation between the shear
strain rate and shear stress for a typical asphalt, where the asphalt exhibits shear
thinning characteristics with the increase of the shear strain. The viscosity of the

asphalt () at any point is the instantaneous slope of the curve at any particular



Shear Sress

A

Rate of Shear Strain

Figure 2.1: Typical Relationship between Shear Stress and Rate of Shear
Strain for Asphalt Cement (Monismith et al., 1985).



shear rate. The viscosity decreases with the increase of shear rate. Time and
temperature affects are interchangeable; high temperature and short loading times
are, in general, equivalent to low temperature and long loading times. Asphalt will
behave nearly as an elastic material when loaded at high load rate or when at low
temperature. It will behave as a viscous material when loaded very slowly or when
at high temperature. At intermediate ranges of load rate and/or temperature, asphalt
behaves as a visco-elastic material, where a delayed elastic response govemns the
behavior.  Fig. 2.2 shows a typical response of asphalt under creep loading. Three
components of strains are shown in this curve. They are elastic, visco elastic, and
viscous strains in the loading and unloading cycles. The magnitudes of these strains
and the relative shape of the creep curve will change with loading time and test
temperature (Monismith et al., 1985).

Another factor which should be considered when talking about rheological
properties is age hardening of asphalt. Asphalt under the effect of time (age) and
heat reacts with oxygen from the environment or looses some of its volatile
materials. This leads to a more brittle asphalt; this process is called age hardening.
Aging occurs at a faster rate in hot climates, compared with cold climates, in a
process referred to as a seasonal hardening (Asphalt Institute, 1993). Due to the
effect of time on aging, older asphalts are more brittle than new ones, and they are

more prone to cracking. Aging of asphalt occurs even at the initial stages of
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Figure 2.2: Typical Response of Asphalt Cement to Creep
(Monismith et al., 1985).
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construction, and it happens at a fast rate when the asphalt is being heated for
mixing. Aging continues at nearly the same rate when the asphalt is mixed with

aggregate and compacted.

2.2.1 Consistency Tests

Consistency describes the degree of fluidity or plasticity of the asphalt at any
particular temperature. There are two main grading approaches which are used
presently to grade the different asphalts according to their consistency. Those
grading approaches use either the penetration or the viscosity test. Usually these
tests are performed at pre-specified standard temperatures. Another type of
consistency test is the softening point, which determines the temperature at which
there will be a change in the asphalt phase from solid to liquid. A brief explanation

about some currently used consistency tests follows:

2.2.1.1 Penetration test (ASTM D-3)

The penetration test is an empirical test which is used to measure
consistency of asphalt. It was developed by Bowen in 1889. In this test, a needle
of prescribed dimensions is loaded with a 100 g weight and allowed to penetrate
freely the asphalt sample for five seconds. The depth of penetration of the needle is
measured in units of 0.1 mm (Roberts et al., 1991; ASTM, 1993). The penetration

test is temperature sensitive and is usually performed at 25°C. This temperature
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was chosen since it represents an approximate average service temperature of
asphalt pavement in a moderate temperature region (Roberts etal., 1991). The
penetration test can be performed at a lower temperature, which is usually 4°C

using a load of 200 g. This test is neither a measure of viscosity nor a measure of

elasticity.

2.2.1.2 Absolute viscosity (ASTM D-2171)

Viscosity in general is a measure of the resistance of the fluid to flow. It s
measured by using capillary tubes such as Cannon-Manning or Asphalt Institute
viscometers.  This test is performed at 60°C, which represents the highest
temperature the asphalt pavement is subjected to in the United States. A vacuum is
used to drive the asphalt into the tube, and the time required for the asphalt to flow
between two marks is used to calculate the viscosity in poises (Thenoux, 1981;

Roberts et al., 1991; ASTM, 1993).

2.2.1.3 Kinematic viscosity (ASTM D-2170)

Kinematic viscosity is measured using the Zeitufuchs Cross-Arm
viscometer. This test is performed at 135°C, which represents the mixing and
compaction temperature of the asphalt. At this temperature no vacuum is needed
because the asphalt is liquid enough to flow into the capillary tube under

gravitational force alone. The required time in seconds for the asphalt to flow
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between two marks on the viscometer is measured and used to calculate the

kinematic viscosity in centistokes (Roberts et al., 1991; ASTM, 1993).

2.2.1.4 Softening point (ASTM D-36)

The softening point is a measure of the temperature at which the asphalt will
change from solid state into liquid state. It is performed by placing a steel ball on
top of an asphalt film which is placed in a brass ring. The whole assembly is placed
in a water bath and heated at a rate of 5°C/minute. The temperature, in °C, when
the asphalt cannot hold the weight of the ball is marked as the softening point. This

test is referred to as the ring and ball test (Roberts et al., 1991; ASTM, 1993).

2.2.1.5 Flash point (ASTM D-92)

Flash point is not considered a consistency test but is a safety test which
is introduced to find the highest temperature that the asphalt cement can be
heated to without flashing or ignition. The standard test that finds the flash
point of the AC is the “Cleveland Open Cup for Flash Point”. In this test, the
AC is heated at a rate of 5°C per minute. Heating is continued, and a flame is
passed periodically over the cup containing the AC until the vapor ignites. The
temperature at the instant of flashing is called the flash point (Roberts et al.,

1991; ASTM, 1993).
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2.2.2 Asphalt Aging

The asphalt binder, being composed of organic molecules, reacts with
oxygen from the environment. This oxidation reaction changes the structure and
composition of asphalt molecules. Due to the presence of air voids in asphaltic
concrete pavements, a certain amount of air penetrates the mixture causing some
degree of oxidative hardening. This process is rapid during asphalt-aggregate
mixing at elevated temperatures (more than 150° C) and slow when in service.
Another form of hardening which occurs during the hot mixing and compaction of
asphalt concrete mixtures is volatilization. Volatization is when the volatile light
constituents of the asphalt binder evaporate. Physical hardening is a time-
dependent increase in the stiffness of asphalt cement that occurs at moderate or in-
service temperatures and is associated with time-dependent shrinkage of the binder.

The objective of the aging testing procedures was to simulate the hardening
that occurs during mixing, construction, and service of the asphalt pavement. Aging
of asphalt results mainly from oxidation reactions affecting certain functionalities in
the more or less complex fabric molecules that constitute their structures (Button et
al. 1993). This generally leads to loss of adhesion, reduction in ductility, increase
in brittleness, and eventually to reduction in serviceability under induced traffic and
climatic conditions (Majidzadeh and Schweyer 1968). The asphalt binder during its

life in pavements is usually subjected to two types of aging. The first is rapid aging
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during manufacturing and laying (heating, mixing, compaction, and cooling). The
short-term aging can be simulated by using the thin film oven test (TFO) (ASTM
D-1754) or the rolling thin film oven test (RTFO) (ASTM D-2982). Before the
Strategic Research Program (SHRP) there was no means of simulating the long-
term aging which occurs during the life cycle (7-10 years) of asphalt cement while
in service. SHRP has introduced a pressure aging vessel (PAV) test to simulate
long-term aging. This test is discussed in section 2.3.1.

The thin film oven test is performed by pouring 50 g of asphalt into a flat
pan forming a thin layer 3.2 mm thick, then placing the pan on a rotating shelf at a
speed of 5 to 6 revolutions per minute in an oven at 163°C for 5 hours. The aged
asphalt is then tested to meet a specified minimum retained penetration or
maximum viscosity and weight loss (Roberts et al., 1991; ASTM, 1993).

The rolling thin film oven test has the same function as the thin film oven
test except that some modification has been incorporated to shorten the heating
time. In this test, asphalt samples are poured into bottles and an air jet is blown into
the sample while it rotates inside an oven at 163°C for a period of 75 minutes
(Roberts et al., 1991; ASTM, 1993).

To evaluate the effect of aging on the asphalt, consistency tests are usually

performed on fresh samples. Those samples are then aged using the TFO or the
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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
RP2§ = ——=—- ~ 2 2650 D 2.1)
Pen @ 25°C of fresh samples

Larger RP25 indicates lower heat hardening.

- Retained penetration @ 4°C,

Pen @ 4°C of aged samples
RP4 = @ ~ ST Semp e (2.2)
Pen @ 4°C of fresh samples

Larger RP4 indicates lower heat hardening,

- Viscosity ratio @ 60°C,

Absolute viscosi 60°C of aged samples
VR60 = ScoRy @ S P (2.3)
Absolute viscosity @ 60°C of fresh samples

Larger VR60 indicates larger heat hardening,

- Viscosity ratio @ 135°C,

Kinematic viscosi 135°C of aged samples
VR135 = —omatc viscosty @ S AT (2.4)
Kinematic viscosity @ 135°C of fresh samples

Larger VR135 indicates larger heat hardening.

2.2.3 Temperature Susceptibility
Asphalt cement is a thermoplastic material since its consistency changes

with temperature. Temperature susceptibility describes the rate of change of
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consistency with temperature. The higher the change in the rate of consistency, or
the greater the slope of the temperature viscosity plot or temperature penetration
graph, the higher the temperature susceptibility.  For proper design and
construction, the temperature susceptibility of asphalt should be taken into
consideration.  Asphalt specifications limit the temperature consistency of the
asphalt for pumping, spray applications, mixing, and compaction of the asphalt
concrete. Fig. 2.3 shows two types of asphalt; asphalt A has more temperature
susceptibility than asphalt B (Mcleod, 1989; Button et al., 1983).

There are different techniques that are usually used to indicate the

temperature susceptibility of asphalt cement. A brief discussion of some follows.

2.2.3.1 Penetration Index, PI

This index combines the results of penetration at25°C and the softening

point of asphalt.
PL= —30 _« g 2.5)
1+90 PTS
where

PTS = Penetration Temperature Susceptibility, and

Log 800 — LogPen @ 25°C

PTS =
R& B soft. pt., °F-77

(2.6)

where



Log
Viscosity, Poise

A

Temp., °C

Figure 2.3: Variation of Viscosity with Temperature for Two Typical
Asphalts (Mcleod, 1989).
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Pen @ 25° C = penetration value measured at 25° C, dmm; and

R&B soft. pt. °F = Ring and Ball softening point measured in °F.
Typical acceptable asphalt grades have values of penetration index between +2 and
-2.  The larger negative values of PI indicates greater temperature susceptibility

(Monismith et al., 1985).

2.2.3.2 Penetration Ratio, PR
This ratio combines the results of the penetration test at 4°C using a load of

200 g for 60 seconds and the penetration at 25°C using a load of 100 g for 5

seconds.
pr = fenat4°C 100 2.7
Pen at 25°C
where

Pen at 4°C = penetration value measured at 4° C, dmm; and
Pen at 25°C = penetration value measured at 25° C, dmm.

Lower PR indicates greater temperature susceptibility (Garrick, 1986).

2.2.3.3 Penetration-Viscosity Number, PVN
This test combines the results of the penetration test at 25°C and the

kinematic viscosity.  Lower PVN indicates greater temperature susceptibility

(Mcleod, 1989).
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PUN = (4.258 — 0.7967 log Pen - log ’7) (-1.5)

(2.8)
0.7951 - 0.1858 log Pen

where

Pen = penetration value measured at 25° C, dmm; and

n = viscosity measured at 135° C, centistocks.

2.2.3.4 Viscosity-Temperature Susceptibility, VTS
VTS is based on the viscosity at two temperatures. A large VTS number

indicates higher temperature susceptibility. VTS is calculated by the following

formula (Roberts et al., 1991; Puzinauskas, 1967; Terrel et al., 1988):

VTS = LogLog 7 at T, — LogLog 7 at T,
Log T, - Log T:

(2.9)
where

n1 = viscosity measured at T, , poises;

n2 = viscosity measured at T, , poises; and

T, and T, = Temperature # 1 and Temperature # 2, °C.

2.3 PERFORMANCE RELATED PROPERTIES
The penetration and softening point tests are empirical tests that cannot be
expressed in engineering units. They do not consider loading rate dependency, and

they do not give an indication of whether the asphalt at the test temperature is more
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elastic or more viscous (Bahia and Anderson, 1994). Moreover, the penetration
test considers consistency at a medium temperature. On the other hand, although
viscosity is a fundamental measure of flow, it only provides information about
higher temperature viscous behavior not about the lower temperature elastic
behavior, which is needed to completely predict performance. Moreover, none of
the above mentioned physical properties can be used with confidence to predict the
field performance of asphalt.

For all those reasons, the Strategic Highway Research Program (SHRP)
developed a set of new testing methods that can be used to characterize the
theological, failure, and durability properties of asphalt binders. One of the factors
which affects performance of the pavement is asphalt aging. To simulate both
aging during mixing and compaction and aging in the field, SHRP has suggested to
use the pressure aging vessel (PAV) and the rolling thin film oven test
simultaneously. The most common asphalt pavement failures that the asphalt
cement plays an important role in are rutting, fatigue cracking, and thermal
cracking. These types of failures and distresses were kept in mind when selecting
the new set of asphalt tests, which are (Bahia and Anderson, 1992)

- The rotational viscometer (RV) measures the flow properties

at high temperature, which represent pumping and mixing

temperature.
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- The dynamic shear theometer (DSR) measures the asphalt’s
properties at temperatures that represent high and intermediate
pavement temperatures and at different loading rates
representing traffic loading. This test gives an idea about the
resistance of the asphalt cement to rutting when testing fresh
asphalt and resistance to fatigue cracking when testing aged
samples.

- The bending beam rheometer (BBR) measures the asphalt’s
properties at the lowest expected pavement temperatures and
resembles the loading conditions that result from thermal
cooling.

- The direct tension test is used to measure asphalt’s failure
properties at lowest pavement temperatures. This resembles

loading that results from thermal cooling.

In this research, emphasis was placed on the rotational viscometer, the

dynamic shear theometer, the bending beam rheometer, and the direct tension test.

2.3.1 Aging of Binders for Performance Testing
The asphalt binder, during its life in pavements, is usually subjected to two

types of aging. The first is rapid aging during manufacturing and laying (heating,
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mixing, and compaction). The second is slow in-service aging due to climatic

factors (heat and solar radiation). The factors affecting in-service aging include

(Verhasselt and Choquet, 1993) the following:

1.

2.

Susceptibility of the binder to aging (i.e. ease of oxidation),
Porosity of asphaltic pavement, as characterized by the
percentage of voids;

Oxidation reactions, which are stimulated by an increase in
the exposure temperature;

Solar radiation, of which the ultraviolet component affects
only a very thin layer of the binder at the surface, and the
infrared (IR) spectrum increases the mean temperature of
the pavement as it is absorbed,

Nature of the aggregate;

Other factors such as moisture, precipitation, and de-icing

salts.

Asphalt hardening increases the stiffness and modulus of asphalt cement but

lowers the strain required to produce cracking. Therefore, it is imperative that strain

be limited to an acceptable level corresponding to the asphalt hardness attained

during the life of the pavement. The only method for reducing the potential of low

temperature cracking is to use a lower asphalt viscosity or reduce its hardening.



24

Kumar and Goetz (1977) have conducted a series of laboratory tests to measure the
influence of permeability and asphalt film thickness on hardening. The film
thickness was calculated as the percentage of asphalt available to coat an aggregate
particle divided by the surface area of that aggregate particle. They found that air
voids and asphalt film thickness had the greatest effects on the hardening rate such
that when the air voids increase, the hardening rate increases. The most important
factor associated with asphalt hardening is the oxidation of the asphalt throughout
the entire thickness of the asphaltic concrete pavement. However, surface hardness
is higher due to high temperature and ultra-violet light (Page et al. 1985).

Lee (1968) has developed a laboratory procedure for evaluating the
durability of paving asphalt by simulating its two-stage hardening during the mixing
process and subsequent pavement service. This test is capable of accelerating the
hardening of asphalt into a relatively short period of time. The procedure consists
of running the TFOT for a period of 5 hours at 163°C to simulate the changes that
may occur in asphalt during hot-mixing, then exposing the TFOT residue to oxygen
at the high pressure of 0.2 MPa (29 psi) at 60°C, for 24, 48, 96, and 240 hours to
simulate the changes in the asphalt during its pavement service life. This aging
procedure was recently adopted by SHRP after modification in terms of replacing
the TFOT by the RTFOT test to reduce the testing time to only 85 minutes. The

pressure-oxidation procedure was replaced by the Air Pressurized Aging Vessel
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(PAV) (Button et al. 1993 and “Standard Practice” 1994). The test is performed at
a pressure of 2.1 MPa (300 psi) at 90° to 110°C for 20 hours. This new aging
procedure is capable of simulating 7 to 10 year aging of asphalt (Kulash, 1994 and

Petersen et al., 1993).

2.3.2 Rotational Viscometer (RV) Testing

The Rotational Viscometer (RV) measures the rotational viscosity of the
asphalt cement at pre-specified temperatures. This test was available before the
SHRP project as a standard ASTM D4402 test, and it was included as part of
SHRP’s binder specification testing. This test is performed to assure the
possibility of handling and pumping the AC at the refinery, terminal, or hot
mixing facility. Therefore, the RV will determine the flow characteristics of the
asphalt at the elevated temperatures used in the refineries and mixing plants.

The RV is a rotational coaxial cylinder viscometer. One of the good
features of the RV is that it can be used for polymer modified binders that have
high viscosity since a set of spindles that can be used with materials with
different viscosities are available with the instrument. Unlike capillary tube
viscometers, the RV has large clearances between the rotating components and
therefore can be used for binders with different types of additives. The RV has

its own heating and digital reading unit (Asphalt Institute, 1993).



2.3.3 Dynamic Shear Rheometer (DSR) Testing

The device is used to measure the rheological properties of asphalt by
measuring the viscous and elastic behavior of asphalt. Both loading rate and test
temperature of the DSR can be controlled. In this test, asphalt is sandwiched
between a fixed plate and a plate which rotates in an oscillatory (back and forth)
manner. The frequency of oscillation, which is the length of time for each cycle, is
controlled to simulate traffic speed. The oscillating plate is connected to a torque or
strain gauge, which will record either of those values when the motion is created.
From the recorded value, both the complex shear modulus (G*) and phase angle ()
of the asphalt sample are calculated. G* is a measure of the total resistance of the
asphalt to deformation. It consists of an elastic (recoverable) part and a viscous
(non-recoverable) part. & is an indicator of the relative amounts of elastic and
viscous deformation (Asphalt Institute, 1993). Fig. 2.4 shows graphically the
meaning of both G* and 8. In this figure, although both asphalts A and B have the
same G* (length of the diagonal), asphalt A has a smaller elastic part while asphalt
B has a lower viscous part. This indicates the need to define both G* and & for
each asphalt. Fig. 2.5 shows the shape of the resulting shear strain for elastic and
viscous materials due to an applied shear stress. This type of figure provides

necessary information to calculate both G* and . G* is the ratio of the maximum
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Figure 2.4: Graphical Representatioon of both G* and &
(Asphalt Institute, 1993).
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(Asphalt Institute, 1993).
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shear stress (Tmzd to maximum shear strain (Yn). The time lag between the applied
stress and the resulting strain (for constant stress rheometer) is the phase angle. So,
for perfectly elastic material, the applied stress coincides with the resulting strain,
and the time lag or phase angle is zero. The phase angle increases with the increase
of viscosity of the material (Asphalt Institute, 1993).

According to SHRP, permanent deformation (rutting) is controlled by
limiting the minimum value of (G*/sin &) at the required test temperature. This
means that asphalt will better resist rutting if its shear modulus is higher and/or its
sin & (viscous part/G*) is lower. On the other hand, fatigue cracking is controlled
by limiting the maximum value of G* sin 8 on PAV-aged samples. The limiting
value concentrates on increasing the elastic part of the asphalt to be able to dissipate
the applied stress and rapidly relax and/or have a lower value of G*, which leads to
a softer asphalt that can deform without developing large stresses. Performing the
DSR test on samples aged by the pressure aging vessel provides the information
needed to describe the binder resistance to fatigue cracking at intermediate

pavement temperature.

Three other parameters are usually reported with the results of the dynamic
shear rheometer: the storage modulus (G’), the loss modulus (G"), and the loss
tangent (tan 8). These parameters are directly related to both the complex modulus

and the phase angle. The storage modulus represents the in-phase component of the



50
complex modulus. Part of this modulus is due to the elastic component of the

asphalt response. The formula for calculating G’ (elastic component of G*) 1s

G'(®)=G*(w)cosd (2.10)

where
G’'(w) = dynamic storage modulus at frequency o, Pa;

G*(w) = dynamic complex modulus at frequency , Pa; and

d = phase angle, degrees.

The loss modulus represents the out-of-phase component of the complex modulus.

Part of this modulus is due to the viscous component of the asphalt response. The
formula for G” (viscous component of G*) is
G"(®) =G*(») sin 8 (2.11)
where
G"(o) = dynamic loss modulus at frequency o, Pa.

The loss tangent is the ratio of the loss modulus to the storage modulus, and it is

represented by

G"(w)
G'(w)

tan 6(w) = (2.12)

where
8 (w) = phase angle at frequency , degrees.
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2.3.4 Bending Beam Rheometer (BBR) Testing

Due to the disability of the DSR to measure the asphalt properties at the
lowest pavement temperature, SHRP has introduced a new test, which is the BBR.
It uses engineering beam theory to measure the deflection of a small asphalt beam
sample under a creep load. It measures the amount a binder will deflect (creep)
under a constant load. Creep load is used to simulate the stresses that gradually
build-up in a pavement when temperature drops. The test is performed by loading
an asphalt beam for four minutes with a constant load of 100 g and measuring the
deflection at the center of the beam. The results of the BBR test are the creep
stiffness (S) and creep rate (m). 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(t)=PL*/bh’ @) .13)
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

5(t) = deflection at time, t =60 seconds
Creep stiffness is desired at the minimum pavement design temperature after 2
hours of load. However, SHRP has utilized a Temperature-Time superposition, i.e.,
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
asphalt will behave in a brittle manner and cracking will be more likely. 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, which will lead to absorbing the stresses and preventing the buildup of
stresses. SHRP recommends a minimum value for m (Asphalt Institute, 1993).

This test is a means for measuring the resistance of the AC to thermal cracking.

2.3.5 Direct Tension Tester (DTT) Testing

The pre-failure properties for some of the asphalts, especially modified
asphalts, do not correlate very well with the failure properties. Therefore, the
stiffness will not have correct relation with the failure properties, i.e. some modified

binders might have a high creep stiffness but can stretch further before breaking



(92 ]
| 92]

than other binders (Bahia and Anderson, 1994; Asphalt Institute, 1993). For those
reasons, SHRP has developed a device which can directly measure the failure strain
for the binder at the lowest expected pavernent temperature. This device is called
the direct tension tester. In this device a small "dog bone" shaped asphalt sample is
stretched at a constant, slow rate of loading until failure. The failure strain, which
is an indication of whether the asphalt will behave in a brittle or ductile manner at
the test temperature, can be measured. SHRP defines failure as the stress where the
load on the specimen reaches its maximum value and not necessarily the stress
when the specimen breaks. Failure stress is the maximum load divided by the
original sample cross section. At the failure stress, SHRP recommends a minimum
failure strain of 1%. This test is an alternate procedure to measure the resistance of

the asphalt binder to thermal cracking.

2.3.6 SHRP Binder Specifications

SHRP has developed or adopted the above mentioned performance tests
to be used in their SHRP binder specifications. The binder specification is
intended to control permanent deformation (rutting), low-temperature cracking,
and fatigue cracking in asphalt pavements. The SHRP specifications can be
used to grade any asphalt, i.e. they can specify the suitability of a certain

asphalt for a certain environmental region. This is accomplished by specifying
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two temperatures (lower and upper) for any asphalt that can perform
satisfactorily within. As an example, a PG-78-10 (read performance grade 76
minus 10) grade asphalt means that the asphalt is suitable for a region with an

average seven dry maximum pavement temperature of 76°C and a minimum

pavement design temperature of —10°C.

Fig. 2.6 shows the Performance-Graded Asphalt specification chart,
which was developed by the SHRP team. It can be seen from this chart that the
performance properties remain constant for all grades but the temperature at
which these properties must be achieved vary depending on the climate in
which the binder is expected to serve.

Unusually rutting occurs at high service temperatures. The G*/sin §
factor is introduced for controlling rutting because it represents the high
temperature viscous component of overall binder stiffness. This factor is
measured by the DSR test machine. It is specified that for a binder to be able to
resist rutting at any temperature, the value of G*/sin & at the specified
temperature must be at least 1.00 kPa for the fresh asphalt sample and must
have a value greater than 2.20 kPa on samples that have been aged by the
rolling thin film oven.

To verify the ability of the binder to resist fatigue cracking at a certain

temperature, both G* and  are used. Since fatigue occurs at low to moderate



Figure 2.6. SHRP performance-graded asphalt binder specification chart
(Harrigan et. al., 1994).
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Figure 2.6. Continued.
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pavement temperatures after certain in-service periods, the fatigue resistance is
verified on PAYV residue. The controlling factor for fatigue cracking is G* sin d.
SHRP binder specifications place a maximum limit on the value G* sin 8 of
5000 kPa. This factor represents the ability of the binder to dissipate or relax
stress leading to fatigue cracking. The DSR test only provides part of the
information needed to describe good cracking properties. The test of the
information is provided by the BBR and sometimes by the DTT.

The other factors which were introduced to verify ability to resist low-
temperature cracking were the creep stiffness and m-value. If the creep
stiffness is too high, the asphalt will behave in a brittle manner and cracking
will be more likely. Therefore, a maximum limit of 300 MPa was set on the
creep stiffness value to verify that no cracking will happen. The m-value is an
indicator of the rate of change of stiffness with load. A high value of m means
that if there 1s a change of temperature, there will be a buildup of thermal
stresses and a high change of stiffness. This change of stresses will tend to
dissipate stresses that would otherwise build up to a level where low-
temperature cracking would occur (Asphalt Institute, 1993). So, a value of m
greater than 0.300 is required.

The other limit which was introduced to account for the ability of the

binder to withstand stresses that build up due to the decrease in temperature is
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the failure strain. When the temperature decreases, shrinkage will occur in the
binder, which leads to shrinkage stresses. The set limit on the failure strain is
1%. So, if the binder when loaded slowly can take up to 1% strain without
cracking, it is expected that it can withstand shrinkage cracks as long as other
BBR requirements are met (creep stiffness between 300 and 600 MPa).

Three other limits which were included in the specification were
introduced to control ease of handling, safety, and aging. For handling and
pumpitability of binders, an upper limit on rotational viscosity was specified to
be 3000 CP. This limit can be waived if the binder supplier warrants that the
binder can be pumped and mixed at higher but safe temperatures. For safety
precautions, a lower limit on the flash point of fresh samples was set to be
230°C. Finally, to insure against excessive aging (volatilization) during binder
mixing and compaction, an upper limit on mass loss of RTFO residue was set to

be 1.0 percent.

2.3.7 The Linear Viscoelastic Model (LVE) of Asphalt

Asphalt cement is a rheological material because its behavior depends on
both temperature and rate of loading. In other words, its stress-strain
characteristics are time and temperature dependent. Time and temperature
effects are interchangeable; high temperature and short loading time is, in

general, equivalent to long loading times and low temperatures. Asphalt will
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behave nearly as an elastic material when loaded at a fast load rate or when at
low temperature. It will behave as a viscous material when loaded very slowly
or at high temperature. At intermediate ranges of load rate and/or temperature,
asphalt behaves as a visco-elastic material, where a delayed elastic response
governs the behavior. A mathematical model was developed by the SHRP team
in order to describe asphalt behavior at different test temperatures and different
frequencies. Analysis of the data collected by the SHRP team indicate that
asphalt binders, including plain and most modified asphalt cements, can
effectively be treated as a linear-visco-elastic (LVE) material under loading
conditions likely to be encountered in a pavement when exposed to traffic and
environment.

Anderson and his co-workers (1994) listed the following reasons for
developing a mathematical model to describe the linear visco-elastic response of
asphalt cements:

1. Since the mechanical response of asphalt cement, like
other visco-elastic materials, is a continuous function of time and
temperature, an infinite number of loading conditions and
responses constitute its overall behavior. By expressing this
behavior with a mathematical model, the responses can be reduced

to a limited number of variables.



2. By mathematically modeling the LVE response and
reducing the characterization to a few rational variables, relating
the rheological behavior to chemical compositional parameters is
simpler, more efficient, and more rational. This approach is in
contrast to correlating individual response variables, obtained
under arbitrary loading conditions, to chemical variables.

3. In some situations, it is necessary to know the response
of an asphalt cement at loading frequencies (or times) and
temperatures different from those for which directly measured
data are available. Mathematical models allow such calculations
to be made directly and quickly in a repeatable fashion.

4. In many approximate conversions from one visco-
elastic function to another, numerical methods are used that
require data at specific frequency or time intervals, which may not
be the same as those used for the measurement. Using
mathematical models simplifies the application of such
approximate COnversions.

5. Through the use of mathematical models, the testing
needed to control various performance-related properties can be

simplified. =~ For example, the finding that over a limited

40



temperature range the shift factors for plain asphalts at
temperatures below about 0°C (32°F) could be approximated by a
simple logarithmic relationship, allowed a simplified testing
scheme in which a creep test is performed for only 2 minutes at a
temperature 10°C (18°F) above the expected minimum pavement
temperature. Using this common shift factor allows the creep
compliance after 2 hours loading time to be approximated by the
compliance measured after a 60 second loading time.

6. In order to predict the mechanical behavior of paving
mixtures within the context of a rational microstructural model,
the behavior of the binder must be described under a broad range
of conditions - a task accomplished efficiently through the use of
mathematical models.

7. In order to effectively model pavement response and
predict pavement performance, it is necessary to accurately
predict the stress-strain response of the binder over a wide range
of temperatures, loading times, and stresses or strains. This
prediction can only be realistically made with the use of
reasonably accurate mathematical models of the binder’s visco-

elastic behavior.
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The developed model, which explains the behavior of AC at different
loading and temperature conditions, is called the LVE model because it explains
both the linear and viscous behavior of the AC. A graphical representation of
the LVE model is usually referred to as a master curve of asphalt. In a master
curve of dynamic mechanical data of an asphalt, one or more of the visco-elastic
functions are plotted against frequency. Fig. 2.7 presents a typical plot showing the
variation of the complex modulus and the phase angle with frequency drawn on a
log-log scale. This type of curve is called the master curve of asphalt for both
G*(®) and &(w). At high frequencies, G* approaches a limiting value, which is
called the glassy modulus in shear. It is normally about 1 GPa. At low frequencies,
the slope of the complex modulus curve approaches 1, which implies that viscous
flow has been reached and that the asphalt behaves as a Newtonian fluid. At
intermediate frequencies, the behavior of the asphalt changes gradually from a
glassy solid to a simple fluid. In this region the asphalt behaves as a visco-elastic
material.  On the other hand, at very low frequencies, 5 approaches 90°and at very
high frequencies it approaches 0 degrees. At intermediate frequencies, o will range
between those two values (Anderson et al., 1991, 1994).

The SHRP team came up with different mathematical models that represent
G*(w) and &(w). The following two models to represent asphalt behavior are the

product of SHRP:
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G¥(@) = G, [1 + (o /) B R F0e (2.14)
5(®) = 90/[1 + (@,/w) B3 (2.15)
where

G*(w) = complex dynamic modulus, in Pa, at frequency w;

G, = glassy modulus, typically 1 GPa;

w, = the cross over frequency, rad’s;

o = the test frequency, rad’s;

R = the rheological index; and

8(w) = the phase angle, in degrees, at frequency o.

The resulting model requires three parameters: a location parameter that
indicates the hardness of asphalt (Gg), a temperature dependency parameter that
indicates the temperature dependency of the asphalt (R), and a shape parameter that
indicates the time dependency of the asphalt (w,). The visco-elastic materials are
affected by both the rate of loading and temperature. The above mentioned LVE
considers the effect of rate of loading on the visco-elastic properties of asphalt. The
effect of temperature on the visco-elastic properties is considered through the use of
shift factors, which are used to shift the master curve horizontally to achieve the

mechanical response at the defining temperatures. Fig. 2.8 shows a graphical
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representation of the shift factors. Two mathematical models were produced to

represent the shift factors:

Log (aT)¢= —C; (T -~ T(C, + T -Ty) (2.16)

Log (aT)s=2.303 E,/r (/T - l/Ty) 2.17)
where

(aT)q = the shift factor relative to the defining temperature, Tg;
C,, C; = empirically determined constants, fixed at 19 and
92 (Anderson et al., 1994);
T = the selected temperature, in C;
Tq = the defining temperature, in °C, whichis a characteristic
parameter for each asphalt cement,

E. = the activation energy for flow below Ty, fixed at 261 kynol; and

r = the ideal gas constant, 8.34 J/nol-’k.

Eqn. (1.3) is the Williams-Landel-Farry (WLF) equation and is usually used when
the test temperature is above the defining temperature. Eqn. (1.4) is Arthennue’s
function and is used when the test temperature is below the defining temperature.
The reliability of estimating Ty is considered low due to the fact that asphalt is an

amorphous material with a very wide glass transition region.
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Anderson and his co-workers (1994) have given the following explanation
for the parameters which are used in the LVE (these parameters are illustrated on
the master curve shown in Fig. 2.9):

The glassy moduli, Gg* - The value that the complex modulus or
stiffness modulus approaches at low temperatures and high frequencies
or short loading times; the glassy modulus is normally very close to 1
GPa in shear loading for most asphalt cements. A single value of 1
GPa may be assumed for most purposes.

The steady-state viscosity, 1, - In dynamic testing, the steady-state, or
Newtonian viscosity, is approximated as the limit of the dynamic
viscosity, n*, as the phase angle approaches 90°. The 45° line that the
dynamic master curve approaches at low frequencies is often referred
to as the viscous asymptote. It is indicative of the steady-state
viscosity, and the value of n, is asphalt specific.

The crossover frequency,®,, or crossover time, 1, - The frequency at a
given temperature where tan deltais 1. At this point, the storage and
loss moduli are equal. For most asphalt cements, the crossover
frequency is nearly equal to the point at which the viscous asymptote
intersects the glassy modulus. The crossover frequency can be thought

of as a hardness parameter that indicates the general consistency of a
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given asphalt at the selected temperature and is asphalt specific. The
crossover frequency is the reciprocal of the crossover time, t, = 1/®,,.

The rheological index, R - the difference between the glassy modulus,
G,, and the dynamic complex modulus at the crossover frequency,
G*(w,). The rheological index is directly proportional to the width of
the relaxation spectrum and indicates rheologic type. R is not a
measure of temperature but reflects the change in modulus with
frequency or loading time and therefore is a measure of the shear-rate

dependency of asphalt cement. R is asphalt specific.

From the above discussion, it can be seen that the behavior of any asphalt at
any temperature can be predicted using only three parameters: the defining
temperature Ty, the crossover frequency , (or crossover time t,), and the
rheological index R. The defining temperature uniquely characterizes the shift
factors as a function of temperature. The rheological index is a representation of
the rheological behavior of asphalt and is directly proportional to the elastic
behavior of asphalt at intermediate temperatures. The crossover frequency indicates
the location of the master curve at the selected reference temperature and is an
indication of the hardness of the asphalt (Anderson et al., 1991). These parameters

are asphalt specific and can be used in analyzing the rheological properties of each
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asphalt, comparing asphaits, and in developing chemical-physical property

relationships.

2.4 CHEMICAL COMPOSITION OF ASPHALT
2.4.1 Asphalt Chemistry

Asphalt chemistry is extremely complex. Even with the presence of high-
tech analytical tools, it would be impossible to identify and quantify all the
components of even a single asphalt. The complexity of asphalt comes from its
being a product of crude oil, which is formed by natural processes primarily from
plant life. The plants were buried in sediment before they were consumed by
microorganisms and were transformed into crude oil by a process not yet
completely understood. This process occurs over millions of years under varied
conditions of temperature and pressure. all petroleums basically consist mainly of
hydrogen and carbon; however, crudes vary widely in the amount and nature of the
hydrocarbons they contain. Another factor contributing to the complexity of
asphalt structure is that it is actually the residue left after all the volatile fractions of
the petroleum have been distilled off. So, the charactenistics of asphalt are affected
by the heating temperature and the heating time in the distillation tower, the
manufacturing procedure, and the source of the crude ol. Crudes from different

locations contain different percentages of asphalt residue. Corbett (1969) gave
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examples of three crude oils from different sources (Nigeria light, Arabian heavy,
and Boscan Venezuela) having an amount of bitumen residue ranging from 1%-
58%. A third factor is that sometimes additional treatments of the residue are
required. One of these may be treatment of the residue with a solvent such as
propane or butane to precipitate asphaltic constituents from the residue. The
remaining portion is used for manufacturing lubricating oils. Sometimes it is
required to blend two asphalts together, add polymers, or air blow the asphalt to
make it suitable for use. This adds to the complexity of the structure of asphalt.
When considering physical properties, it is well known that physical tests -
excluding SHRP tests - are not good predictors of pavement performance. Itis
possible to have asphalts with the same viscosity grading and similar physical test
results but that perform differently when in a pavement (Anderton, 1988; Goodrich
and Dimpfi, 1986; Kalidindi et al., 1986; Rossler and White, 1959). Both physical
and chemical tests have been considered to study asphalt properties. In chemical
tests, chemists try to define and characterize asphalts by chemical composition and
structure, which till now has not led to mix design input. Engineers have conducted
physical tests and tryed to comrelate the test results with the performance of the
asphalt mixtures. These have met with some success but have drawbacks, such as

the high degree of variability in the tests themselves (Price and Burati, 1990).
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The principal elements in asphalt are carbon and hydrogen. Sulfur is the
next most abundant element followed by nitrogen and oxygen. There might also be
trace amounts of other materials such as vanadium and nickel. Table 2.1 shows the
constituents of four asphalts collected from different places in the U.S. The most
important factors affecting the behavior of asphalt is the ways in which atoms are
incorporated into molecules and the types of molecular structures. These factors
are more important than the total amounts of each element. Normally, in
hydrocarbons carbon atoms are linked to each other in one of the following three
manners. They may be linked in straight or branched chains; in this case the
materials are called aliphatic or paraffinic types. They might be linked together in
either simple or complex saturated rings; in this structure the highest possible ratio
of hydrogen to carbon is present. These materials are referred to as naphthenic.
Finally, they may be aromatic, which is made of one or more especially stable six-
atom rings that form the basis of compounds such as benzene and toluene. Asphalts
are very complex combinations of all the three types of components (Halstead,
1985; Pfieffer, 1950). Petersen (1984) has reported that the percentages of aliphatic
or paraffinic carbon content of asphalts range from 35 to 60%. While the ranges for
naphthenic and aromatic carbon are 15 to 30% and 25 to 35% respectively. The

molecular weight of asphalt ranges between 300 and 2000. This includes



Table 2.1: Elemental analyses of representative petroleum asphalts

(Petersen, 1984)

Source Mexican Blend Arkansas- Boscan California
Louisiana

Carbon, percent 83.77 85.78 82.90 86.77
Hydrogen, percent 9.91 10.19 10.45 10.93
Nitrogen, percent 0.28 0.26 0.78 1.10
Sulfur, percent 5.25 3.41 5.43 0.99
Oxygen, percent 0.77 0.36 0.29 0.20
Vanadium, ppm 180 7 1380 4
Nickel, ppm 22 0.4 109 6
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molecules with about 24 to 150 carbons. Some of the useful known chemical
properties of asphalt, summarized by Goodrich (1986), follow:

Asphalt has a significant heteroatom content. This includes nitrogen,
oxygen, sulfur, vanadium, nickel, and iron.

Heteroatoms play an important role in the physical properties of an
asphalt. The polar heteroatom-containing compounds are capable of
intermolecular associations that affects such physical properties as
boiling point, solubility, and viscosity. These polar compounds tend to
be concentrated in the asphalt fraction of a crude oil.

The molecular weight of asphalt compounds ranges from about 300 to
2000. Yet, as aresult of molecular associations, asphalt behaves as if
it has a much higher molecular weight.

Aging of an asphalt is associated with oxidation. An increase in the
polar fractions on aging, among other things, results in increased
asphalt viscosity.

The composition, rheology, and durability of an asphalt are unique to
the crude blend from which the asphalt was refined. Yet asphalts from

many sources perform well in roads.

Thus, one of the important factors affecting the behavior of the asphalt molecules

between each other and with surfaces and/or molecules from other materials such as
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aggregate is the presence of hetroatoms, which are referred to as functional or polar
groups. Thus, polarity is due to an imbalance of electrochemical forces within the
molecule, which produces a dipole. The dipole molecule has both electropositive
and electronegative characteristics like a magnet having both north and south poles.
This dipole tends to cause molecules to organize themselves into preferred
structural orientations. This structure is held together by electrostatic and other
short-range forces, which are weak compared to covalent chemical bonds. Short-
range (non-covalent) forces range from about 1 to 10 kcal/mole, while covalent
bonds between two carbon atoms are more than 80 kcal/mole and between carbon
and hydrogen are around 100 kcal/mole (Branthaver et al., 1993). It follows then
that the organized structure may be subject to rearrangement or may be scrambled
either from physical stress or by increased temperature. This will not be associated
with chemical changes where all of the molecular species remain the same;
although, it will affect the physical properties. Therefore, the more randomized the
structure of the molecules of the asphalt, the weaker will be the bonds and the lower
will be the viscosity of the asphalt.

Depending on polarity of asphalt molecules, asphalt can be defined as a
collection of polar and non-polar molecules. The polar molecules tend to associate
strongly to form organized structures throughout the continuous phase of the non-

polar materials. On the other hand, the non-polar phase has the ability to
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disassociate the organized structure, which varies from one asphalt to another
(Branthaver et al., 1993). The oxidation of asphalt leads to increases in both the
amount of polarity and the number of polar sites present among asphalt molecules.
Plancher, Dorrence, and Petersen (1977) used the model of polarity of asphalt
molecules to explain the bonding between asphalt and aggregate. This model
suggests that some of the polar heads of the organic components find themselves
near the aggregate surface and bind to it allowing their less polar tails to extend into
the asphalt matrix.

Due to the large number of molecules with different chemical structures in
asphalt, chemists have not seriously attempted to separate and identify all the
different molecules present in asphalt. All efforts have been focused on trying to
separate or characterize asphalt by determining different groupings or generic
fractions based on polarity, reactivity, and/or the molecular size of the various
molecular types present in the asphalt.

Early researchers (Pfeiffer and Saal, 1940; Barth, 1984; Girdler and Saal,
1965) represented asphalt cement as a colloidal dispersion of high molecular weight
hydrocarbons called asphaltenes in a dispersion medium called maltenes, which is a
combination of resins and oils.

The asphaltenes are the high molecular weight materials and are primarily of an

aromatic nature with very few side chains attached. Both sulfur and nitrogen are
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present in the asphaltene molecules. Asphaltenes comprise the fraction of asphalt
that has the highest polarity and tendency to interact and associate. They are the
major fraction that determines asphalt viscosity. Asphaltenes are defined by ASTM
(1973) as the component of the bitumen in petroleum, petroleum products, malthas,
asphalt cements, and solid native bitumens which are soluble in carbon disulfide but
insoluble in paraffin naphthas.

When the asphalt is dissolved in a non-polar solvent such as pentane,
hexane, or heptane, asphaltene will not dissolve; it will precipitate. Rosstler and
White (1962) described the asphaltene fraction as the component of asphalt
primarily responsible for asphalt viscosity and colloidal behavior due to its limited
solubility in the remaining components. The part which will dissolve and remain
solution will be a mixture of resins and oils and is called "maltenes".

The resins are intermediate molecular weight materials and contain more
side chains than the asphaltenes. Sulfur and nitrogen are present in those materials
but to a lesser extent than in the asphaltenes. The polar nature of the resins gives
them the ability to be adsorbed by and to dissolve the asphaltenes. So, the resins
are the agents that disperse the asphaltenes through the oils to provide a
homogeneous liquid (Halstead, 1985).

The oils are the lightest molecular weight materials in asphalt and generally

have a large number of chains in proportion to their number of rings.
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The relative amounts of asphaltenes, resins, and oils, and their
characteristics vary considerably from asphalt to asphalt (Rosstler and White,
1962). Asphaltenes, resins, and oils differ also in their carbon to hydrogen ratio
(C/H). In asphaltenes, the C/H ratio is greater than 0.8; in resins, the C/H ratio is
greater than 0.6; and in oils, the C/H ratio is less than 0.6. In proceeding from oils
to asphaltenes, the aromaticity increases, the sulfur content increases, the C/H ratio
increases, the molecular weight increases, and the number of side chains decreases

(Monismith et al., 1985).

2.4.2 Asphalt Composition

Asphalt composition means separating the asphalt into smaller and simpler
fractions. Separations are commonly based on separating hydrocarbon molecules
by groups depending on their different boiling ranges and the different shapes of
their molecules. Such materials are then purified and finally identified through
physical and chemical means. Chemical characterization of asphalt by separation
into generic fraction rather than separating and identifying the individual molecular
types, is due to the presence of many different types of molecules in the asphalt.

A varniety of analytical procedures have been used to study asphalt.
Goodrich et al. (1986) presented a summary of all laboratory techniques being used

in asphalt technology. Table 2.2 gives a listing of the most popular tests that have



Table 2.2: Analytical procedures used to test asphalt composition

(Thenoux, 1987; Goodrichetal., 1986)

59

Group

Subgroup

Reference

Fractionation by
Precipitation

- Solvent Precipitation
- Chemical Precipitation

ASTM D 2006

Fractionation by
Precipitation

- Vacuum Distillation
- Thermogravimetric Analysis

Chromatographic
Separation

- Gas Chromatography
- Inverse Gas/Liquid Chromatography
- Liquid Chromatography

- Adsorption

ASTM D 4124
ASTM D 2007

- Size Exclusion
- Thin Layer
-Ion Exchange
- Coordination
- Mass Spectrometry
- Vapor Pressure Osmometry

ASTM D 3593

Chemical Analysis

- Spectrophotometric Techniques
- Infrared
- Ultraviolet
-Nuclear Magnetic Resonance
- X-ray
-Neutron Activation

- Titrametric Gravimetric

- Elemental Analysis

Petersen (1984)

Molecular Weight
Analysis

- Mass Spectometry
- Vapor Pressure Osmometry

Others

- Internal Dispersion Stability

- Asphalt Punty
- Solubility in Carbon
Disulfide
- Solubility in Carbon
Tetrachlonde
- Ash Content

Plancher (1979)
Heithaus (1960)

ASTMD 4
ASTM D 156

ASTM D 482
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been used in asphalt analysis. Those tests have been grouped into six categories. A

description of some of most popular ones follows in the proceeding paragraphs.

2.4.2.1 Corbett and Swarbrick Method (Corbett, 1969)

The Corbett and Swarbrick method defines the asphalt in terms of
adsorption and desorption on a chromatographic column. The procedure is now an
ASTM D 4124 standard procedure. A schematic of the procedure is shown in Fig.
2.10. The asphalt is fractionated into the following fractions:

A - Asphaltenes
PA - Polar-Aromatics
NA - Naphthene-Aromatics

S - Saturates.

Both saturates and naphthene-aromatics are liquids which act as plasticizers for the
polar-aromatic and asphaltene solids.  Saturates are better plasticizers than
naphthene-aromatics. The asphaltenes are solution thickeners, while the presence
of saturates and asphaltenes produce low temperature sensitivity. The ductility of
an asphalt depends on the presence of polar-aromatics. Thenoux (1987) made the
following observations on this method:

. The fractions obtained by this procedure are still mixtures of molecular

groups and not well-defined chemical species.



ASPHALT
n-Heptane
MALTENES Precipzatmn
Adsorption / Desorption
Chromatography ASPHALTENES
on Alumina
n-Heptane
SATURATES
Desorption
Toluene NAPHTHENE
AROMATICS
Methanol-Toluene POLAR
Trichloroethylene AROMATICS

Figure 2.10: Adsorption/desorption chromatography Corbett-Swarbrick,
ASTM D 4124.
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. The asphaltene obtained by this procedure is different from asphaltene

obtained by other procedures because it is precipitated by n-heptane

rather than n-pentane.

. The method is nondestructive and further analysis or separation can be

done over the remaining fractions.

. A shortened procedure has been approved by the ASTM Committee.

. The description of the method in the ASTM is considered insufficiently

explained, which leads to bad reproducibility of the results from one lab

to another.

2.4.2.2 Rosstler and Sternberg Method (Rosstler, 1962)

This was an ASTM D 2006 method, but it was discontinued in 1976. A
schematic of the procedure is shown in Fig. 2.11. It fracticnates asphalt
components according to their solubility in sulfuric acid. The fractions are

A - Asphaltenes

N - Nitrogen gases
A, - First Acidaffins
A, - Second Acidaffins

P-  Paraffins.



ASPHALT

n-Pentane
[
Precipitation Solution
NITROGEN H2804
ASPHALTENES I————D
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FIRST H280«

ACIDAFFINS 98%

SECOND H2804 >
ACIDAFFINS SO4

PARAFFINS l

4

Figure 2.11: Chemical precipitation Rosstler-Sternberg, ASTM D 2006.
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Rosstler has suggested the following two parameters, which are related to some

extent, to pavement performance and to asphalt aging:

The chemical reactivity ratio (durability parameter) = (N+A;)/(P+A;)  (2.18)

The compatibility parameter = N/P (2.19)

The durability parameter gives an indication of the asphalt’s durability, the lower

the number the higher the durability.

2.4.2.3 The Clay-Gel Method

This procedure was developed to replace the Rosstler-Sternberg method. It
is designated as ASTM D 2007. As shown in Fig. 2.12, n-pentane is added to the
asphalt to separate the asphaltene. The remaining fraction is then added to a pair of
columns which are assembled in series. The upper column is packed with
attapulgus clay, and the lower column is packed with activated silica gel with a
layer of clay on top. Results from the clay-gel technique have been used for
characterization of both virgin and aged asphalts and recycling agents.

This procedure is claimed to be simple, relatively inexpensive, free of
hazardous concentrated acid, yields repeatable results, and the data obtained by this
procedure are almost identical to the results from the Rosstler-Sternberg analysis

(Pavlovich, 1985).
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It is noted that the above three separation procedures share the same idea.
They involve precipitating an asphaltene fraction by mixing the whole asphalt
sample in a specific solvent. The solubles are then separated on a least-polar to
most-polar basis through increasing reactivity with sulfuric acid (Rosstler), or
increasing absorption (Corbett and clay-gel) on a specific media. Those types of
fractional separations of asphalt do not provide well-defined chemical components.
To get a whole idea about these fractions, their names should be associated with the
procedure followed and the materials used for separation. The chemistry of the
fractions has been only broadly defined (Rosstler and White, 1962; Hattingh,
1984). Goodrich and Dimphi (1986) compared the weight percentages of those
fractions for the same asphalts, where they mentioned that the fractional parts of the
saturates and paraffins are similar. The middle parts of the fractions are not
comparable at all. Despite what has been mentioned, it does not mean that the
separations are of little value. This is due to the fact that fractional separation
techniques provide a method for following changes in an asphalt, whether during
laboratory studies, refinery processing, field mixing, or field aging, or recycling. In
controlled studies using one asphalt, changes in composition measured by fractional
separation may be informative. Little reliable correlation has been achieved

between fractional separation and field performance (Goodrich and Dimphi, 1986).



2.4.2.4 High Pressure Gel Permeation Chromatography

This procedure is another type of separation technique used to differentiate
between asphalt molecules on the basis of their molecular size. It obtains a
chromatogram of the relative amounts of large, medium, and small molecules in an
asphalt but does not result in physical separation by molecular size. The technique
is most accurately described as high pressure liquid chromatography in the gel
permeation mode. It is generally referred to as "HPLC" or "HP-GPC" (High
Pressure Gel Permeation Chromatography), or sometimes as "SEC" (Size Exclusion
Chromatography).

Gel permeation chromatography (GPC) was developed in 1963 to determine
the molecular weight distribution of polymers. In the mid 1960's, GPC was adopted
for analyzing macro-molecular non-polymers including asphalt. Early studies of
asphalt on GPC showed that GPC could be used to distinguish asphalts of different
compositions (Richman, 1967; Breen and Stephens, 1969). In 1970, Bynum and
Traxler showed that aging and weathering of asphalt made systematic changes in
the GPC profiles. However, gel permeation chromatography only began to attract
widespread attention in the asphalt industry in 1980. This was due to improved
equipment, which made the procedure quicker, more efficient, and more reliable

(Garrick, 1986).
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A survey of research in the use of GPC in characterizing asphalt molecules
showed that it can be used to fingerprint asphalts and to monitor and study changes
in asphalt due to mixing, heating, and aging. The GPC is good for studying the
degree of molecular association because the system causes the least disturbance to
the association. HP-GPC allows differentiation between asphalts of the same
grades but with different compositions.

Usually in the GPC procedure, tetrahydrofuran (THF) is used as a carrier
solvent, where a solution of the asphalt sample plus the THF solution is injected
into the system and passed through the separation columns. Separation in GPC
takes place in columns which contain porous silica-gel packing with pores of
various known diameters. The asphalt molecules, which are dissolved in the
solution, flow through the columns at different rates depending on their sizes.
Small molecules enter the pores of the packing, and their movement are slowed to a
lesser extent. This is why the larger molecules emerge from the system first and are
followed by progressively smaller molecules. A detector, such as a differential
refractometer, will detect the molecules as they emerge from the columns and will
produce a chromatogram of the relative amount of molecules being eluted from the
system at different times.

Chromatograms produced from HP-GPC have been analyzed differently by

different analysts. Jennings (1982) classified the molecules eluted during the first
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third of the elution period as large molecular size (LMS), those eluted during the
second third as medium molecular size (MMS), and those eluted in the last third as
small molecular size (SMS). Fig. 2.13 shows a typical chromatogram showing the
three parts of the elution time.

It is expected that when the molecular size distributions of the different
asphalts are similar, their performance will be similar. Also, if the distributions are
different, then the performance will be different. Studies using three part
fractionating found that greater relative amounts of LMS are associated with poor
pavement performance and that a balance between the three parts is an important
attribute relating to pavement performance. Glover et al. (1988) found high
correlation between the LMS region and the asphaltene content. Hattingh (1984)
concluded that too high asphaltene or LMS percentage causes cracking and that too
low percentage causes rutting. Jennings and his co-workers (1980-1985) have
concluded that LMS can play a significant role in cracking and that low LMS is
desired to reduce cracking. Jennings and Pribanic (1985) suggested that the HP-
GPC can be used not only to predict the performance of a pavement but also to
design an asphalt to meet a target LMS content and thereby obtain improved
performance with regard to transverse cracking. Garrick and Wood (1988) and
Price and Burati (1990) found a correlation with physical properties such as

viscosity, penetration, temperature susceptibility, and viscosity ratio. Noureldin
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(1982) reported that low percentages of asphaltene (less than 20%) in the asphalt
result in a highly temperature susceptible paving mixture with potential for rutting.
Other studies (Button, 1983; Zenewitz and Tran, 1987; Garrick and Wood, 1988)
related the amounts of small molecular size fractions to rutting and tender mixtures.

Garrick and Wood (1988) partitioned the HP-GPC profile into eight
partitions and got a correlation between penetration, viscosity, and heat hardening.
Also, correlations were established with asphalt concrete properties including
resilient modulus and indirect tensile strength. Price and Burati (1990) partitioned
the profile into ten partitions and got good correlation for modified asphalts with
some physical tests. Garrick and Biskur (1990) divided the profile into twelve
equal partitions and got good correlation with terperature susceptibility and
viscosity ratio.

In spite of all the above mentioned correlations with the HP-GPC, some
authorities (Stock, 1986) have expressed reservations about the interpretation of the
data obtained by this technique. This could be due to the fact that there are several
test parameters that must be carefully controlled to insure inter-laboratory
comparison of results. Some of the suggested factors by Stock (1986) to reduce
variability of HP-GPC results are (i) the solution should be injected into the
instrument as soon as possible after preparation to avoid molecular swelling, (it) to

secure comparability between chromatograms produced by different laboratories,



(iii) the column system used in the instrument and the solvent used as the mobile

phase should be the same.

2.5 SUMMARY

Emphasis of this chapter was on the available literature on the
rheological properties of asphalt, recently adapted performance-related
properties, and on asphalt chemistry with an added emphasis on the HP-GPC
technique and its use in predicting the physical performance of asphalt.

Rheological properties included consistency testing, asphalt aging and its
indices, and asphalt temperature susceptibility and its indices.

SHRP-developed performance related properties were discussed.
Discussion included the idea behind performance-based testing and parameters,
rotational viscometer testing, dynamic shear rheometer testing, bending beam
rheometer testing, direct tension tester testing, and SHRP performance grading.
Discussion about the linear viscoelastic model for asphalt, its usefulness, and its
parameters was also discussed.

The literature review also included discussion about asphalt chemistry
and asphalt composition and its analytic procedures. Emphasis was placed on
the high pressure gel permeation chromatography technique, its development,

operational procedure, and its use in asphalt characterization. Previous work on
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the use of HP-GPC to predict asphalt properties and asphalt performance was

also presented.
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Chapter 3
RESEARCH METHODOLOGY

3.1 INTRODUCTION

The flow of the work in this research is shown in Fig. 3.1. Asphalt samples were
collected from all asphalt producing refineries in the Gulf countries in addition to one set
of polymer modified samples. Collected samples were tested at three aging stages, i.e.,
fresh, rolling thin film oven (RTFO) residue, and pressure aging vessel (PAV) residue.
The asphalt samples were subjected to rheological tests to get the rheological properties
and to calculate the age hardening indices and temperature susceptibility indices. The
asphalt samples were also subjected to performance-related tests to get their performance
indices and to develop the linear visco-elastic models (LVE) of the test samples from
which the asphalt specific properties were calculated. The asphalt samples at the three
aging stages were finally subjected to fractionation by HP-GPC. Produced
chromatograms were fractionated using different fractionating procedures. All obtained
results were used to develop models to relate both rheological and performance-related

properties to HP-GPC produced chromatograms.
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3.2 EXPERIMENTAL DESIGN

To check the required number of samples to generate the different models, a
confidence limit of 80% for the selected parameters was chosen. Additionally, the
acceptable amount of error in estimating the dependent variables was limited to 10%.
Anderson et al. (1994) have estimated performance parameters for a number of selected
asphalt samples, and the standard deviations for all the calculated samples ranged between
0.0194 and 0.4025. So, the minimum required sample size using the above standard

deviations range was as follows (Montgomery and Peck, 1982):

n = (E‘iz—c)z (3.1)

701 = 1.28, e=0.1, 0=0.4025

1.28 * 0.402
0.1

n (required number of samples) = ( 5) =265 (3.2)

With an objective to cover all Gulf countries, five asphalt samples were collected
from every asphalt producing refinery in the Gulf countries. Those refineries included
Ras Tanura, Riyadh, Al-Ahmadi (Kuwait), and the Bapco (Bahrain) refineries. Collected
samples covered a five month production period (one sample every month) to study the
variability of production with time. Another set of polymer modified samples was also

tested to find the effect of polymer modification on the HP-GPC produced



-~
~J

chromatograms. The total number of replicates for each test and parameter are shown in

the following sections.

3.3 RHEOLOGICAL TESTS

Collected asphalt samples were subjected to the following rheological tests:
Penetration at 4°C and 25°C, softening point, absolute viscosity, and kinematic viscosity.
Temperature susceptibility factors included penetration index, penetration ratio,
penetration viscosity number, and viscosity temperature susceptibility. Neat Arab asphalt
samples were aged using the thin film oven test to study the effect of aging on their
rheological properties. Age hardening indices, including retained penetration at 4°C and
25°C and viscosity ratio at 60°C and 135°C, were also determined. The experimental
design matrix for the rheological testing of Ras Tanura refinery samples is shown in Table
3.1. The same experimental design was followed with the other samples from the Riyadh,
Bapco, and Al-Ahmadi refineries in addition to the polymer modified samples. Table 3.1
shows the number of replicates for each test at each aging condition. The number of
replicates was judged from the repeatability of the test and the applicability of the test at
the specific aging and modification condition. For example, usually the flash point test
was just performed on fresh samples and was not performed on RTFO or PAYV residues.

Also, capillary viscosities were not performed for polymer modified samples.
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3.4 PERFORMANCE-RELATED TESTS

Performed performance-related tests included the rotational viscosity test, which
was performed on fresh samples. The dynamic shear rheometer test was performed at
different temperatures and frequencies on fresh samples. Aged samples were tested using
the rolling thin film oven and the pressure aging vessel. The bending beam and direct
tension tests were performed on samples aged with the pressure aging vessel. Complex
shear modulus, phase angle, creep stiffness, creep rate, failure strain, and all related
parameters were calculated.

Master curves for all asphalt collected samples were constructed. In addition, the
shift factors, which were used to shift the master curves to the required temperatures, were
calculated. Asphalt specific primary parameters, which can fully characterize the linear
visco-elastic model of the different asphalt cement samples, were also calculated. These
parameters included glassy moduli, steady state viscosity, crossover frequency, rheological
index, and reference temperature. The experimental design matrix for the performance-
related testing of Ras Tanura refinery samples is shown in Table 3.2. The same
experimental design was followed with the other samples from the Riyadh, Bapco, Al-
Abmadi refineries, and the polymer modified samples. Table 3.2 shows the number of
replicates for each calculated parameter. Each parameter was calculated after a set of tests

was performed.
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3.5 HIGH PRESSURE GEL PERMEATION CHROMATOGRAPHY
High pressure gel permeation chromatography was used to characterize the
chemical composition of all asphalt samples (neat and modified) at all aging stages.

Different techniques were used to fraction all produced HP-GPC profiles:

1- fractionating according to elution times:
i) three fractions with equal elution times,
i) three fractions at 25%, 50%, and 25% of total elution time,
iii) eight fractions with equal elution times, and

iv) twelve fractions with equal elution times

2- fractionating according to average areas:
1) three fractions with equal average areas,
ii) three fractions at 25%, 50%, and 25% of average areas,
iii) eight fractions with equal average areas, and

iv) twelve fractions with equal average areas.

An additional fractionation procedure was used by fractionating areas under each profile
into three areas of 30%, 40%, and 30% of average area taking each asphalt source by
itself. Areas under each fraction were calculated to be used in the correlation models. The
used fractionating procedures for fresh samples are shown in Table 3.3. The same

fractionating procedures were followed for both RTFO- and PAV-aged samples.



dures for the fresh samples.

Used fractionating proce

Table 3.3

HP-GPC Fractioning Procedure

3 relative
areas

12 equal
areas

12 equal
times

areas

8 equat

times

8 equal

3times

(25.50.25%)] (25.50.25%)

3 equal
areas

3 equal
times

Sample

RTF

RT2F
RT3F

RT4F

RT5F

RY1F

RY2F

RY3F

RY4F

RYSF

BH1F

BH2F
BH3F
BH4F

BHSF

KW1F

KW2F

KW3F

KW4F

KWSF

AZIF
RT-CRT-5-F

RT-CRT-10-F

RT-CRT-15-F

RT-SBS-3-F
RT-SBS-6-F
RT-SBS-9-F
RY-CRT-5-F

RY-CRT-10-F

RY-CRT-1&-F

RY-SBS-3-F
RY-SBS-6-F
RY-SBS-9-F
BH-CRT-5-F

BH-CRT-10-F

8H-CRT-15-F

BH-SB8S-3-F
BH-SBS-6-F
BH-SBS-S-F
KW-CRT-5-F

KW-CRT-10-F

KW-CRT-15-F

KW-S8S-3-F
KW-SBS-6-F
KW.SBS-9-F




3.6 MODELING OF RHEOLOGICAL AND PERFORMANCE-RELATED
PROPERTIES

Models for the selected rheological and performance-related parameters were
generated using the HP-GPC produced profiles. Table 3.4 shows the properties and
indices which were used in the study. The total number of samples used to generate those
models was forty five, i.e. twenty-one fresh samples and twenty-four polymer modified
samples. Out of these forty five samples, thirty-seven samples were used for generating
the different models. The other eight samples were chosen randomly for model
validation.

The developed models depended on the results of the fractions of the HP-GPC
profiles. Table 3.5 shows a list of the a priori hypothesis for all the factors which were
modeled in this research.

Since the total number of variables in each model is high (might reach fourteen
variables) and since it is difficult to predict which fraction contributes more to any of the
properties, especially in the high number of fractions, it was decided to use stepwise
regression. Stepwise Forward-Selection Regression was used to correlate each factor with
the different fractions of each fractionating process. An example of a model to correlate

the steady state viscosity, n.. with the areas under the twelve equal ime fractions is as

follows:



Table 3.4: Used properties and indices.
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g Used symbol Property Use
o
PEN2S Penetration at 25°C, dmm Consistency Test
PEN4 Penetration at 4°C, dmm Consistency Test
SP Softening Point, °C Consistency Test
FP Flash Point, °C Conslstency Test
- VIS0 Viscosity at 60°C, Poise Consistency Test
'§ RV135 Rotational Viscosity at 135°C, cPa.s Consistency Test
g VIS135 Viscosity at 135°C, cSt Conslistency Test
E—; RP25 Retained Penetration at 25°C Heat Hardening Index
gn RP4 Retaind Penetration at 4°C Heat Hardening Index
é VR60 Viscosity Ratio at 60°C Heat Hardening index
é VR135 Viscosity Ratio at 135°C Heat Hardening Index
Pt Penetration Index Temperature Susceptibility index
PR Penetration Ratio Temperature Susceptibility Index
PVN Penetration Viscosity Number Temperature Susceptibility Index
VTS Viscosity Temperature Susceptibllit Temperature Susceptibility Index
Lower Lower grading temp., °C Performance Grading Temperature
g Upper Upper grading temp., °C Performance Grading Temperature
qé- Gg Glassy Moduli, Gpa LVE Model Parameters
5 R Rheological Index LVE Model Parameters
_‘% We Crossover Frequency at Td, Hz LVE Model Parameters
%’ No Steady-State Viscosity at Td, Gpa-s LVE Model Parameters
g G*/sins G*/sin& @ 64°C, MPa Rutting Parameter
g G*xsing G* x sin 5 @ 25°C, MPa Fatigue Paramter
cg S Creep Stiffnes at 60HZ @ 0°C, MPa Thermal Cracking Parameter
2 m Creep Rate @ 0°C Thermal Cracking Parameter
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No = Bo+ B1 Frac.1 + B, Frac.2 + B3 Frac3 +....... + B Frac.12+¢  (3.3)

where

Frac.i = the area under the “i”th fraction;
BL = regression coefficient for “i"th fraction; and

€ = eIror.

The purpose of using stepwise regression is to help in selecting a smaller subset that will
adequately explain the response from the total number of dependent variables. The
criteria for including any factor in the regression model was set to be 1.0, i.e., the variable
will be included in the model if it adds to the significance level of F-ratio a value of 1.0 or
greater.  The following preliminary analyses were performed on the collected data which
were used in creating the models:

check of normality of the dependent variable,

- type ofrelation between the dependent variable and any of the independent
variables,

- homoscedasdicity,

- autocorrelation (Durbin Watson), and

- multicolinearity and singularity (VIF or Pearson correlation matrix).

These tests will be explained thoroughly in Chapter 5.



Chapter 4
DATA COLLECTION AND ANALYSIS

4.1 COLLECTION OF TEST SAMPLES
It was decided to collect asphalt samples from all asphalt producing refineries
in the Gulf Countries. A list of the selected refineries follows:
a. Ras Tanura Refinery, located in Eastern Saudi Arabia,
b. Riyadh Refinery, located in Central Saudi Arabia,
c. Al-Ahmadi Refinery, located in Kuwait,
d. Bapco Refinery, located in Bahrain, and
e. Awazel Company, located in Riyadh. This company receives AC from
the Riyadh refinery (60/70 pen. asphalt) and air blows it to produce a

harder asphalt (40/50 pen. asphalt).

Every month a sample was collected from each refinery, totaling five samples
per refinery. This was done to have variability within samples collected from the
same refinery. In addition, one sample was collected from the Awazel Company.
The total number of collected neat samples was 21.

Another set of samples was collected from the batch of polymer modified
samples prepared for the “Adaptation of SHRP Performance Based Asphalt

Specifications to the Gulf Countries” project. In the polymer modification process,
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one sample from each refinery was modified using 5, 10, and 15% crumb rubber
(CRT) and 3, 6, and 9% styrene-butadiene-styrene (SBS). Details of mixing
procedures of the polymers with the fresh asphalts can be found in Al-Abdul Wahhab
et al. (1995). The total number of collected polymer modified samples was 24. So,
the total number of samples used in this research was 45.

The neat samples were categorized and coded using a four-digit label
(X1X2X3X,); the first two digits, X;Xj, indicate sample source: RT = Ras Tanura, RY
= Riyadh, BH = Bahrain, KW = Kuwait, and AZ = AWAZEL,; the third digit, X3,
indicates sample number (1 to 5); and finally the fourth digit, Xy, indicates sample age
condition: No code = fresh sample, R = RTFO residue, and P = Pressure Aging Vessel
residue. For modified samples, the coding label was X;X,—X3X;Xs—Xs—X7; the first
two digits, XX, indicate sample source; the next three digits (X3X4X;s) indicate the
polymer type (SBS or CRT), while X indicates the polymer percentage and Xj
indicates sample age condition: F = fresh sample, R = RTFO aging and P = Pressure
Aging Vessel residue. Fig. 4.1 shows the identification scheme followed for both neat

and modified samples.
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NEAT SAMPLES
Giw) (=) [=)
(Aging Status
> F = Fresh

R=RTFO Residuc
@= PAYV Residue

rSnmple Number
‘>\l 2.340r5 J

Sample Source
RT =Ras Tanura
RY =Riyadh
BH = Bahrain
KW = Kuwatt
AZ = Awazel

POLYMER MODIFIED SAMPLES

(x1x2]-(x3x4x5)- | X6 |-( x7 |

.(A—ging Status

F = Fresh
R=RTFO Residue
€= PAV Residue

(

Modificr Percentage
1 SBS = 3%, 6% or 9%
ERT = 5%, 10% or 15%

(Modifier Type
-1 SBS = Stvrene-butadiene-styrene
ERT = Crumb rubber

Sample Source
RT = Ras Tanura
RY = Riyadh

BH = Bahrain
KW = Kuwait

Figure 4.1: Sample identification scheme.



90

4.2 PHYSICAL TESTING

4.2.1 Consistency Testing

Neat asphalts were subjected to the following tests to determine their physical
properties:

1. Penetration at 4°C and 25° ASTM D545, AASHTO T-49-80

2. Absolute viscosity at 60°C ASTM D2171, AASHTO T-202-80

3. Kinematic viscosity at 135°C  ASTM D2170, AASHTO T-201-80

4. Rotational viscosity at 135°C  ASTM D4402

5. Softening point ASTM D36, AASHTO T-53-81

6. Flash point ASTM D92, AASHTO T-73

Furthermore, fresh samples were aged using the thin film oven (TFO) (ASTM
D-1754), which simulates the short-term aging of asphalts that occurs during heating,
mixing, and compaction. TFO residue samples were subjected to the following set of

testing to study the effect of aging on the physical properties:

1. Penetration at 4°C and 25°C - PEN4 and PEN2S
2. Absolute viscosity at 60°C - VIS60
3. Kinematic viscosity at 135°C - VIS135

4. Softening point - SP
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The polymer modified samples were subjected to the penetration test at 25°C,

the softening point test, the flash point test, and the rotational viscosity test at 135°C.
Results of all performed tests are shown in Table 4.1. As can be noticed from the
above discussion, the flash point and the rotational viscosity were not performed on
the TFO samples because the flash point test is a safety test which is usually
performed on fresh samples. Usually the flash point is lowered by aging. The
rotational viscosity test for asphalt was originally suggested by SHRP to test the
ability of handling and pumping the AC at the refinery, terminal, and/or the hot
mixing facility. So, this test was originally suggested for fresh (not aged) samples.
For the polymer modified samples, the rotational viscometer was used in place of the
kinematic and absolute viscometers because the latter two viscometers are capillary
and cannot be used for polymer modified samples since the polymers can clog the
viscometer. Some of the observations that can be said about Table 4.1 include the
following:

- For both PEN25 & PEN4, samples from RT have the highest

variability.

- Regarding penetration grading, all samples from BH can be said to

have 40-50 pen. grade, while all other refineries’ samples had different

penetration grades.

- The softening point and viscosity (VIS60, VIS135, and RVI35)



Table 4.1: Physical properties of the different asphalt samples.

VIS0 | RVI35 | VISI3S
Sample [D PEN2S PENS |SP £C) FP (°C) (Poise) (Pas) (€S0
RT1 60 29 50 310 3164 | 0.468 408
RTIR 54 26 59 - 5111 N 554
RT2 63 29 51 308 3205 | 0.460 492
RT2R 54 27 56 - 5666 R 587
R13 56 31 50 308 3350 | 0.460 452
RT3R 50 25 57 S 5931 . 568
RT4 51 32 51 309 3558 | 0.480 489
RT4R 46 26 55 - 8960 - 675
RT5 56 32 51 306 2986 | 0.445 441
RT5R 52 29 54| . 7033 N 568
BH1 a5 17 50 | 338 3363 | 0.465 482
BHIR 35 16 54 - 5581 N 609
BHZ2 a7 17 50 336 3043 | 0485 486
BH2R 35 16 54 X 6136 B 619
BH3 48 22 49 334 2852 | 0.460 451
BH3R 33 18 55 s 5025 . 629
BH4 50 21 50 | 336 2978 | 0.455 452
BHAR 40 17 56 X 5202 . 598
BHS 48 23 50 335 2933 | 0.450 447
BHSR 38 17 55 - 2993 X 573
RY1 54 21 49 332 2622 | 0.530 412
RYIR 22 19 54 5 4656 X 543
RY2 57 23 50 | 324 2693 | 0.4%0 439
RYZR 39 19 56 s 5310 s 551
RY3 50 21 50 | 322 3097 | 0.490 468
RY3R 39 16 57 s 6546 N 585
RY4 54 23 50 320 2631 | 0460 523
RY4R a2 18 56 - 5097 . 547
RYS 51 21 51 326 2935 | 0.500 556
RY5R 36 19 57 . 5738 . 574
KW 53 24 50 294 3187 | 0.500 530
KWIR 39 16 62 - 6500 s 736
KW2 51 23 51 298 3453 | 0.565 584
KW2R 32 19 58 - 5002 - 686
KW3 54 25 52 290 3865 | 0575 530
KW3R 35 18 56 - 6992 - 760
KWa 56 25 50 | 284 3304 | 0.5%0 533
KW4R 36 19 58 . 7631 X 791
KW5 55 24 51 268 3562 | 0.565 573
KW5R 29 18 59 5 5839 . 726
AZ1 38 23 55 326 6172 | 0.620 526
AZIR 31 17 59 - 10750 . 594
RI.CRIS-F | 57 . 59 300 - 1.381 -
RT-CRT-10-F| 46 s 62 300 - 2.743 N
RT-CRT-15.F] _ 36 - 75 304 N 11.193 s
RT-SBS-3.F | 43 - 60 | 308 - 1.436 s
RT-SBS-6-F | 35 - 86 304 . 4.169 N
RT-SBS-9-F | 26 - 34 | 310 5 6.077 N
RY-CRI-5-F | 36 - 61 316 - 1.399 .
RY-CRT-10-F| 42 s 59 294 - 1.641 -
RY-CRT-15-F] 36 s 69 306 - 7170 -
RY-SBS-3F | 25 s 64 328 - 1.562 N
RY-SBS-6-F 18 s 75 330 . 4.526 N
RY-SBS-9-F | 15 - 93 324 N 4.358 -
BH-CRT-5F | 31 - 80 | 322 - 1.085 -
BH-CRT-10-F] 33 - 58 320 - 1.604 .
BH-CRT-15-F] 39 B 68 316 - 5.401 N
BH-SBS-3-F | 50 R 60 332 - 13712 -
BHSBS-6-F | 22 - 82 336 N 3241 N
[BHsBSoF | 32 R 92 330 s 4.491 .
KW-CRT-5-F|__ 19 - 63 | 304 y 1.865 -
KW-CRT-10-F] 38 B 62 296 X 3.649 -
KW-CRT-15-F] 35 . 71 306 . 9.003 -
KW-SBS-3-F| 44 . 58 296 . 1.354 .
KW-SBS-6-F| 28 R 72 306 . 3.462 A
KW-SBS-9-F| 24 . 85 | 310 . 9.333 N




increased with aging and with the introduction of polymers. While
penetration was decreased.

- The highest value of SP for fresh non-modified samples was
51°C. Polymer modification allowed SP to reach 94°C for some
types and percentages of polymers.

- For the used polymers, there was no major change in the flash
point value.

- The flash points of all studied samples were within acceptable
limits.

- The addition of polymers seems to have increased the values of the
viscosity for some samples over the maximum allowable limit set by

SHRP.

4.2.2 Heat Hardening and Temperature Susceptibility Indices

Durability is a very important factor affecting the behavior of AC. Durability
is the resistance of the AC to change in properties when subjected to processing and
weathering and is manifested by resistance to hardening with time. To get an
indication about the durability of the collected asphalt samples, the following heat
hardening indices were calculated:

e  Retained penetration @ 4°C - RP4
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e Retained penetration @ 25°C - RP25
e  Viscosity ratio @ 60°C - VR60

e  Viscosity ratio @ 135°C - VRI135

These indices are shown in Table 4.2. Larger values of retained penetration indicate
little or no heat hardening, i.e. more durable asphalt, while larger values of viscosity
ratio indicate a significant amount of heat hardening in the thin film oven.

To find the temperature susceptibility, which is a measure of rate of
consistency change with temperature, of the collected samples, the following indices
were calculated:

e  Penetration Index - PI

The larger negative values of PI indicate greater temperature susceptibility.
e  Penetration Ratio - PR

Lower PR indicates greater temperature susceptibility.
e  Penetration-Viscosity Number - PVN

Lower PVN indicates greater temperature susceptibility.

) Viscosity-Temperature Susceptibility - VTS

Large VTS indicates higher temperature susceptibility.

These indices were calculated for the test samples and presented in Table 4.2. Some

of the observations that can be said about Table 4.2 include the following:



Table 4.2: Heat hardening and temperature susceptibility indices

of the different asphalt samples.

95

Sample ID RP25 RP4 VR60 | VRI3S PI PR PVN VTS
RT1 0.90 0.89 1.62 1.36 -0.72 48.81 -0.75 3.65
RT2 0.86 0.91 1.77 1.19 -0.44 46.21 -0.42 3.50
RT3 0.89 0.83 1.77 1.15 -0.95 54.86 -0.56 3.52
RT4 0.91 0.82 2.52 1.38 -0.98 63.21 -0.66 3.55
RTS 0.92 0.92 2.36 1.29 -0.73 56.74 -0.70 3.56
BH1 0.76 0.95 1.64 1.26 -1.41 36.79 -0.79 3.54
BH2 0.75 0.94 2.02 1.27 -1.45 35.21 -0.74 3.49
BH3 0.79 0.79 1.76 1.39 -1.53 46.34 -0.82 3.53
BH4 0.80 0.78 1.75 1.32 -1.25 42.08 -0.78 3.54
BHS 0.78 0.74 1.70 1.28 -1.27 47.38 -0.83 3.54
RY1 0.78 0.88 1.78 1.32 -1.20 39.17 -0.83 3.56
RY2 0.69 0.82 2.19 1.26 -0.98 39.82 -0.70 3.53
RY3 0.79 0.77 2.1 1.25 -1.28 42.32 -0.74 3.53
RY4 0.78 0.80 1.94 1.05 -1.01 41.87 -0.50 3.37
RYS 0.70 0.93 1.95 1.03 -0.86 40.38 -0.48 3.37
KW1 0.74 0.66 2.04 1.39 -1.01 45.39 -0.51 3.43
KW2 0.63 0.84 1.74 1.18 -0.83 45.54 -0.42 3.39
KW3 0.64 0.71 1.81 1.43 -0.63 46.21 -0.48 3.50
Kw4 0.64 0.76 2.31 1.48 -0.93 44.54 -0.44 3.45
KW5 0.52 0.73 1.64 1.27 -0.86 44.45 -0.36 3.42
AZA1 0.78 0.61 2.04 1.13 -0.59 78.39 -0.45 3.55
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- From the values of RP25 and RP4, on the average, RT samples
are more durable than other samples.

- Varability of VR60 and VRI35 was small between all samples
from all sources.

- The value of the Pl ranged between -0.44 and -1.53. RT
samples have the lowest temperature susceptibility, while BH
samples have the highest temperature susceptibility.

- The penetration viscosity number for all samples ranged from —

0.42 to — 0.83.

- The variability in the values of viscosity temperature was not
high.

The relation between temperature and viscosity for all neat samples is shown in Fig.
4.2. As can be noticed from Table 4.2, the different indices for the same property gave
conflicting results. For example, comparing the values of RP25 for both RY?2 and
RY3 indicate that RY3 has a lower heat hardening index, while values of RP4
indicate that RY2 has a lower heat hardening index. The same is noticed when
comparing the values of Pl and PR (which are temperature susceptibility indices) for
RT3 and RT4. This indicates the need for a better set of tests to evaluate the

suitability of the asphalt cement for certain environmental and loading conditions.



'sojduwes paysay ap 10y dujsuonejas Aisoosia - ammgeradws] 7'y omBiy

D ‘aameradwia

0001 001 ol
{
== o1
= 001
—_ \
\
u/. = - 0001
| / -
- A §
= -./ 0000t
N\
Z = - U A ¢ -
o= — - !ﬂi —
S = =L e \ f./ =F- (00001
{ 886'0="tbs Y cpry6E + (X)Tof L TSO1Y'L-=(A)F0l 2V ¢ //
: 686°0 = nbsy  £886'0f + (X)30] » £6566'9- = (A)F0] MM A / —
1 t660="ubsy 6OTTLE + (X)Fol 4 91881°L- = (A)Fof  AY X N ‘HH == = 0000001
r66'0 = nbs Y [0Zy'LE + (X)B01 o LPBYTL- = (A)B0] [l W 8
1 6860=mbsy oL + (X)F0l L bLTSIL-= (A0 1 W /mm
e i 4 -1 1 — -
= uluﬂ...,..m*ww.!.rm‘ e I e e o oty ot ol e o e

e B E— 00000001

as10d ‘ANSOISIA



98

Statistical analysis was performed to check variability between refineries for all
the performed rheological tests and calculated indices. Table 4.3 shows the results of
the performed statistical analysis.  The statistical tests showed that, at 95%
confidence, there are significant differences between the refineries for all tested
properties, except for VR60 and VR135 where the significant levels were 37% and
87%, respectively. These results indicate that there is variability in production
between refineries and there is variability between the collected samples which
increases the significance of the generated models. These differences between
refineries were expected because the sources of the crude oil are different and the

distillation processes are different (Al-Abdul Wahhab et. al., 1995).

4.3 PERFORMANCE BASED TESTING

Recommended SHRP performance tests were performed on all the collected
asphalt samples to grade these samples according to the SHRP grading system and to
find the performance-related properties of these samples for further correlations with

HP-GPC chromatograms.

4.3.1. Rotational Viscosity
A Brookfield viscometer was used to measure the rotational viscosity of the
different asphalt samples. Plate 4.1 shows a close picture of the used Brookfield

viscometer. The ASTM D4402 method “Viscosity Determination of Unfilled
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Plate 4.1:

Used Brookfield viscometer.
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Asphalts Using the Brookfield Thermosel Apparatus” was followed in performing the
tests. The followed test procedure is summarized in Appendix A.

The rotational viscosity test was performed on all test samples and the results
of the tests are included in Table 4.1. On the average, KW samples had the highest
rotational viscosity values for both neat and modified samples. All neat samples had
values of rotational viscosity less than 1.0 Pa.s. Adding polymers to the asphalt
cement increased the rotational viscosity. The increase in the rotational viscosity was
proportional to the polymer percentage. Some of the polymers increased the

rotational viscosity to a value higher than the maximum limit (3.0 Pa.s) specified by

SHRP.

4.3.2 Aging of Asphalt Samples

Two stages of aging were applied to the collected asphalt samples. The first
aging procedure simulated the short-term aging of asphait which occurs due to
heating, mixing, and compaction of asphalt. This aging process was performed using
the RTFO. The other aging process was performed using PAV, and it simulates eight
to ten years of in-service aging. These aging processes were required to prepare the
asphalt samples for further testing.

In this research, both aging procedures were performed. The rolling thin film
oven was used to get the required RTFO residue of all samples. Plate 4.2 shows Cox

& Sons’ RTFO, which was used in this research. The AASHTO T240, ASTM D2872
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standard test procedure was followed in RTFO aging. The followed RTFO aging
procedure is summarized in Appendix A.

The RTFO aging process was performed on all test samples. Aged samples
were grouped into two groups. The first group was subjected to all other required
tests on RTFO residue, while the second group was subjected to PAV aging.
Emptying the RTFO bottles was difficult because of the shape of the bottle opening.
This was taken care of by using a specially shaped spatula.

The pressure aging vessel, shown in Plate 4.3, was used according to the
AASHTO PP1 “Accelerated Aging of Asphalt Binder Using a Pressurized Aging
Vessel” test procedure. All pressure aging was performed on samples previously aged
by RTFO. The used PAV aging procedure is summarized in Appendix A.

PAV aging was performed on all required samples, and PAV residues from all

samples were ready for the next set of tests.

4.3.3 Dynamic Shear Rheometer Testing

A Bohlin Dynamic Shear Rheometer (DSR) was used to determine the complex
modulus (G*) and the phase angle (8) for all test samples. The AASHTO TP5
standard method of test for “Determining the Rheological Properties of Asphalt
Binder Using a Dynamic Shear Rheometer” was followed. The test apparatus
consisted of a dynamic shear rheometer (DSR), a temperature controller, and a

computer that controls the rheometer and acquires data. Plate 4.4 shows the DSR
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apparatus with all needed accessories. The DSR test was performed on fresh binders
and binders that had been aged by the rolling thin film oven and pressure aging vessel.
The followed test procedure is summarized in Appendix A.

Fig. 4.3 shows a typical output of the fixed frequency DSR testing. In this
figure there is a field called “test status”, and it shows “PASSED”. This is done
automatically by the software, where it checks the value of G*/sin & for the fresh
samples and the RTFO residue, G* sin & for PAV residue and compares it with the

grading limits set by SHRP. The limiting value for G*/sin & for fresh samples is to

have a value higher than 1.00 kPa. For RTFO residue, the limiting value for G*/sin &
is to have a value greater than 2.20 kPa, while the limiting value for PAV residue is
set so that the value of G* sin & should be lower than 5000 kPa.

Table 4.4 shows the acquired results from the DSR fixed frequency testing for
grading the different asphalt samples. Table 4.5 shows the values of G* atthe
different test temperatures and different frequencies for PAV residues. Just the PAV
residue results are presented because they are the ones that were used for generating
the LVE models of the different asphalts.

All neat fresh samples had values for G*/sin & greater than 1.00 kP at 64°C,

and for all RTFO samples the values for G*/ sin & were over 2.2 kP at 64°C.
Therefore, the upper grading temperature for those samples was 64°C. For the

polymer modified samples, the upper grading temperature ranged between 70°C and
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DSi. Project - SHRP Binder Test - Strain Contrulled
(Created by Version 2.05)

Parameters:

Measurement Type:  High Temperature Range
Target Temperature: 64.0 °C

Strain Amplitude: 10.00 percent

Plate Diameter:  25.0 mm

Plate Gap: 1.0 mm

Equilibration Time: 0.5 minutes

Ancillary Info:

Operator ID: Operator 001

Sample ID: SampleQCO01

Sample Type: Rolling Thin Film Oven Test Residue
Test Number: 0001

Measurement Results:

Completed: 11/7/94 10:24:07 AM
Modulus (G*): 3.7726E3 Pascal
Phase Angle (delta): 79.2 degrees
G*/sin(delta):  3.8403E3 Pascal
Strain Amplitude: 4.85 percent

Final Temperature: 64.0 °C

Osc. Frequency:  10.08 radians/second
Test Status: PASSED

Operator Notes:

RTIR @ 64C

Typical printout of DSR fixed frequency testing for

Figure 4.3:
e sample RT1R tested at 64°C.
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80°C. The starting lower grading temperature for all test samples was decided

depending on the G* sin 8 value.

4.3.4 Bending Beam Rheometer (BBR) Testing

Fisher’'s BBR was used in this research to measure the creep stiffness (S) and
logarithmic creep rate (m-value) of all test samples. Plate 4.5 shows the BBR and all
accessories used in this study. The BBR test can be performed on PAV residue or
fresh samples. But for SHRP grading, it must be performed on PAV residue. In this
research, AASHTO TP1 “Determining the Flexural Creep Stiffness of Asphalt Binder
Using the Bending Beam Rheometer™ test procedure was followed. In the BBR test, a
beam specimen with dimensions of 125 x 12.5 x 6.2 mm is loaded with 100 gms for a
period of 240 seconds. The effective length of the test beam is 102 mm. The
followed procedure in testing for S and m is summarized in Appendix A.

Fig. 4.4 shows a typical printout of BBR test results, and Fig. 4.5 shows a
typical graphical presentation of load and force which are usually displayed during
testing. Table 4.6 presents the calculated S and m-values for the different test samples
at the different test temperatures. Since the stiffness values of the tested samples at
the different loading times (8, 15, 30, 60, 120, and 240 seconds) were needed for the
construction of the asphalt master curves, they are displayed in Table 4.7. Lower

grading temperatures and the need for subjecting the test samples for DTT were
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Plate 4.5: Bending beam rheometer (BBR) with all accessories.
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determined using the data shown in Table 4.6. The lowest grading temperatures

ranged between —16°C and —28°C.

4.3.5 Direct Tension Testing

As required by SHRP, if the creep stiffness of any asphalt sample at any test
temperature is below 300 MPa, the direct tension test is not required. If the creep
stiffness is between 300 and 600 MPa, the direct tension failure strain requirement can
be used in lieu of the creep stiffness requirement (Asphalt Institute, 1993). In any
case, the m-value should be greater than 0.30. Therefore, this test is only performed
for samples that have an m-value greater than 0.30 and S value between 300 and 600
MPa. However, in this study for the purpose of compari<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>