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Abstract

A study was performed to compare the current empirical test based Canadian
specification and performance-based SUPERPAVE™ specification of paving asphalt.
The compliance of currently used materials in Canada to the scenario when performance-
based specification is implemented was also studied. Asphalts of varying consistency
were derived from Cold Lake, Bow Valley and Redwater crude oils. The properties of
prepared samples were compared with the present specification and SUPERPAVE™

requirements.

The results indicate that even the highest quality conventional asphalt can meet the 98%
reliability requirements only in coastal areas of Canada. The 50% reliability requirements
can be met by good quality conventional asphalts in the belt along the Canada-US border.
In higher latitudes and extreme cold climate, modification of asphalt will be required.

The rheological characterizations of selected Cold Lake and Redwater asphalt samples
were made from the dynamic mechanical analyses. Differences in their rheological
behaviors were observed, which explain the differences in their performance as predicted
by SUPERPAVE™ specification.
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CHAPTER 1
Introduction

Asphalt is perhaps the first thermoplastic engineering material ever used. The area
between Euphrates and Tigris rivers contains the earliest deposits of asphait. Around
circa 6,000 B.C., Sumerians were using asphalt as a waterproofing material in their
shipbuilding industry. At the same time asphalt was used for road construction as well as
a waterproofing sheet in temple baths and water cisterns. In the modern history, the first
asphalt mastic pavement was laid at Pont Royal, Paris in 1835.

In modemn times, travel by automobile using asphait pavements has become by far the
fastest growing means of transportation, giving an impetus to the economic development.
It is estimated that the production of asphalt in the western world amounts to over
100,000,000 t/year. The total consumption of asphalt in Canada in 1992 amounted to 2.56
million tons. From these amounts, about 86 percent was used in road conmstruction
industry, the rest in roofing and other special applications. The demand for asphalt has
been ever growing. Presently Canada has 880,000 km of roads, of which 280,000 km
have paved surface. Annual expenditures on Canada’s roadway infrastructure are
currently about $10 billion. It is estimated that in order to maintain the existing
infrastructure in an acceptable state, about twice that amount would be necessary
(Zanzotto, 1996). The paving asphalt requirement in US is about ten times higher to that
in Canada.

Asphalt is a complex material in its chemical composition as well as thermo-mechanical
behavior. Even though it has contributed a lot to the advancement of the modemn
civilization, it did not get attention of researchers till the last quarter of the twentieth
century and amount of research done in this field is relatively limited. The research on
asphalt and its classification for commercial purposes in the first half of this century



relied exclusively on the system of conventional tests. Even though experienced
engineers could, with the help of these tests, orient themselves in matters of the use and
quality of asphalts, progress in the area of research after World War II contrasted more
and more with the majority of conventional tests, both by methodology and insufficient
empirical description of the required asphalt properties. It is interesting to note that most
of the currently used grading systems for paving asphalt in North America as well other
parts of world are based on the conventional and empirical tests which are inadequate in
describing the property of asphalt and determining the expected performance of the

pavements.

The currently used empirical tests are exposed to critique regarding their meaning and
interpretation. As a result of this critique, there is a growing demand to classify asphalts
by exact tests and to provide results in physical units. Both, paving asphalt manufacturers
and users have felt the requirement for a rational system for the asphalt property

evaluation as well as classification and selection.

Strategic Highway Research Program (SHRP), funded by US Federal Government, is the
largest and most ambitious research effort on these lines. A primary area identified for
research was asphalt and asphalt concrete due to an increasing number of premature
pavement failures. The SUPERPAVE™ system is the ultimate final product of SHRP
asphalt research program, in which new performance-based testing and classification
method for asphalt has been developed. The property of asphalt is evaluated from the
rheological measurements from which it is possible to determine the expected
performance of the pavement when the asphalt is used. The asphalt is classified based on
the performance achievable by asphalt sample and selected as per the required pavement

performance for a location.



The SHRP performance graded specification system is still being studied and debated.
The empirical based viscosity and penetration grading systems have been in place for
many decades and while the performance based SHRP system is a fundamental
improvement, there is resistance to embrace an unproven method. Since conventional
asphalt binders manufactured from existing crude sources will essentially remain the
same, the transition from currently used specification to the performance-based

specification system entails a number of changes that need to be understood.

It is a matter of time when the SUPERPAVE ™ system will be embraced by the Canadian
Federal/Provincial Governments as well as the paving industry. This will change the
picture of the asphalt use in Canada. The purpose of my study is to compare the present
and SHRP specifications and to help in understanding the transition. The study will also
help in understanding the impact of this switch over on Canadian paving industry.



CHAPTER 2
Objectives and Methodology

2.1  Objectives

The main objective of this study is to understand the transition from currently used
empirical grading system of paving asphalt to the performance-based SUPERPAVE™
specification system and the compliance of the conventional asphalt in the new scenario

for Canada. The study constitutes of the following two focus areas:

1. Empirical and Performance-Based Characterization (Chapter 3, 4 and 5)
2. Rheological Characterization (Chapter 6)

The objectives of each part are mentioned as follows :
2.1.1 Empirical and Performance-Based Characterization

e Evaluation of the SUPERPAVE™ Performance Grades requirement across Canada

o Expected SUPERPAVE™ Performance Grades from the currently used asphait in
Canada

e Transformation from empirical to performance-based specification system

¢ Compliance of the currently used material
2.1.2 Rheological Characterization

e Studying the rheological behavior of two asphalt samples graded as ‘excellent’ and
‘poor’ material by SUPERPAVE™ specification



o Explore the possible reasons for the difference in their service performances as
reflected by SUPERPAVE™ testing
e Determination of molecular weight distribution from the rheological measurement to

relate its performance with the internal structure

2.2  Methodology

The following methodology was used for the empirical and performance-based
characterization of the paving asphalts used in this study. Each step is discussed in detail

in its respective sections.

e Selection of crude oils for the preparation of asphalt samples

e Preparation of asphalt samples by distillation of crude oils

o Binder characterization and evaluation from empirical and performance-based tests

o Comparison of conventional and SHRP grades for the prepared asphalt samples

¢ Determination of expected SHRP grades of the asphalts derived from the studied crude
oils from their Canadian General Standards Board (CGSB) grades

e Determination of the SHRP grades required for the various locations across Canada

e Comparison of the CGSB and SHRP grades

e Study the compliance of the asphalts derived from the crude oils used

The methodology used for the rheological characterization is mentioned in brief as

follows:

Selection of asphalt samples

Measurement of complex modulus at different temperatures and frequencies

Generation of master curve for the components of complex modulus

Modeling of complex modulus



e Comparison of complex modulus

o Determination of the molecular weight distribution



CHAPTER 3
Asphalt Behavior and Grading System: A Background

3.1 Viscoelastic Behavior of Asphalt Binder

Asphalt binders are viscoelastic in nature, and hence their behavior depends on both
temperature and rate of loading. In pavement service, the asphalt is subjected to the
varying ambient temperature and loading pattern. The effects of time of loading and
temperature on the deformation of asphalt are related; the behavior at high temperature
over short time periods is equivalent to what occurs at lower temperatures and long
loading time. This is often referred to as the time-temperature shift or superposition
concept and has been discussed in detail in the latter part of this report. The behavior of

asphalt at different temperatures is discussed in the following sections.

3.1.1 Low Temperature Behavior

In cold climates or under rapidly-applied loads, asphalt behaves like an elastic solid.
Elastic solids deform when they are loaded, and when unloaded, they return to their

original shape.

The elastic solid like behavior is shown in Figure 3.1a. On application of constant stress
or creep load in between time t, and t;, asphalt gets deformed and developed strain is
directly proportional to stress. On removal of stress at time t;, the material regains its
initial shape instantaneously. If stressed beyond material capacity or strength, elastic
solids may break. Asphalt as an elastic solid at low temperatures may become too brittle



and crack when excessively loaded. For this reason, low temperature cracking sometimes

occurs in asphalt pavement during cold weather.
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Figure 3.1¢ : Stress-Strain Relationship for Viscoelastic Material



3.1.2 High Temperature Behavior

At high temperature or under sustained loads, asphalt acts like a viscous liquid. In these
conditions, asphalt will deform at a constant rate when the load is applied at to, and will
continue to deform at that rate until the load is removed, at that point there is no further

deformation. The viscous behavior of asphalt is shown in Figure 3.1b.

It is interesting to note that asphalt binder at high temperatures (approximately at
temperatures higher than 60°C) can be characterized as newtonian fluid. The stress-strain
relationship for the shear of a Newtonian fluid is defined as :

Shear Stress = Coefficient of Viscosity x Rate of Shear Strain 3.1

Viscous liquids like hot asphait are sometimes called plastic because once they start
flowing, they do not return to their original position. This is why in hot weather, some
less stable hot mix asphalt pavements flow under repeated wheel loads and rutting in the

pavement is caused.

3.1.3 Intermediate Temperature Behavior

Most environmental conditions lie between the extreme hot and cold situations. In these
climates, asphalt binders exhibit the characteristics of both viscous liquids and elastic

solids and hence their behavior is termed viscoelastic.

In this case, as shown in Figure 3.1c, the asphalt shows both elastic and viscous
components of response. When loaded in creep, there is an immediate deformation,
corresponding to the elastic response, followed by a gradual time-dependent deformation.
This time-dependent deformation may further be divided into a purely viscous component
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and a delayed elastic component. Upon removing the load at t;, the viscous flow ceases
and none of this deformation is recovered. The delayed elastic deformation is, however,
recovered, but not immediately as with pure elastic deformation. Instead, once the load is

removed, the delayed elastic deformation is slowly recovered, at a decreasing rate, as

shown in Figure 3.1c.

On application of infinitesinal sinusoidal or oscillatory shear stress on asphalt binder, the
resulting shear strain is also oscillatory (Figure 3.2). Both, the viscous and elastic
behavior of the binder is characterized by measuring the complex shear modulus (JG*|)
and the phase angle (5). |G*| is a measure of the total resistance of a material to
deformation when exposed to periodic sinusoidal shear stress and is calculated as the
ratio of total shear stress to total shear strain. The phase angle is an indicator of the
relative amount of recoverable and non-recoverable deformation, and is calculated from
the time lag between the applied stress and resulting strain. The phase angle is zero for
the elastic body and 90° for the viscous liquid.

Elastic : Phase Angle = 0° Viscous : Phase Angle =90°  Viscoelastic : 0°< Phase Angle<90°

Shear Stress
Shear Stress
Shear Stress

-, ,Q-ﬂmeug

O

Shear Strain

Shear Strain
Shear Strain

Figure 3.2 - Shear Stress-Strain Response in Oscillatory Experiment
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As discussed in Section 3.1.1, pavement in the service is vulnerable to change in
temperature and loading pattern. Age hardening of asphalt binder is another factor which
is responsible for the deterioration in the performance of pavement. Age hardening is
caused by the loss of volatile material during hot-mix operation and oxidation of asphalt

by the oxidants present in environment during service in pavement.

For the characterization of asphalt, it is necessary to evaluate the properties which affect
the performance of asphalt in pavement. The currently used specifications of asphait in
North America are based on the empirical tests which fail to describe the performance of
asphalt and to predict its service life. The development of empirical specifications and

their shotcomings are discussed in the next section.

3.2 Empirical Grading

The need for fundamental research on the properties of asphalt and classification of
asphalt in different grades is not new and dates back to as early as beginning of this
century. Specifications for asphalts were introduced around the year 1900. At the
beginning, the specifications were on a local basis and there were broad differences
between the requirements. The key parameter for specifying different grades of asphalt
was penetration number, which is still found in almost all currently used specifications. In
USA in 1923 there were 88 different penetration limits (Zanzotto 1996). In 1926, the
producers and users agreed on 10 penetration grades of road asphalt. The selected grades
included asphalts from the penetration 20 decimillimetre (dmm) to 200 dmm. This was
the beginning of the system of classification of asphalt according to penetration. The
specifications also included other tests like softening point, ductility etc.
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In penetration based specifications, all asphalt grades were classified according to
penetration and softening point. These values only represent characteristic data, indirectly
derived from viscosity, which are determined under special empirical procedures and
conditions. The penetration number gives an idea of hardness or consistency of asphalt.

Ease of carrying out this test made it popular among producers and users.

As the results of test for penetration number do not represent any physical property,
efforts were made to develop specification based on physical tests. Classification of
asphalt based on viscosity was a major step towards this process and such specifications
are still popular. Under these specifications, penetration of the sample is also measured
but it is classified according to its viscosity at a specified temperature. Most of the
currently used spacifications such as Canadian General Specifications Board (CGSB)
specification, Alberta specification etc. characterize the asphalt binder on the basis of
both penetration and viscosity. The limits of the grade in these specifications are
determined by penetration.

Since much of the research on the asphalt and classification of the asphalt in the past has
relied on tests such as penetration and capillary viscometry, and related temperature
susceptibility parameters, it is desirable to review these methods. These methods are not
adequate for fully defining the linear viscoelastic properties which are needed to relate
asphalt chemistry, physical properties and performance with each other. More
importantly, these empirical tests have failed to developed a performance-based
specifications (Petersen et. al. 1994a, Superpave 1995).

Penetration-based, CGSB and Alberta specification for the paving asphalt are discussed
in Appendix A. A review of the shortcomings of the tests involved in these specifications

is presented in the following section.
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3.2.1 Penetration Test

The penetration test indicates the stiffness of the asphalt, but any relationship between
asphalt penetration and performance has to be gained by experience. A drawback of the
empiricism is that the relationship between the test and performance may not be very
good. Another limitation of penetration test is that it does not give information for the
entire range of typical pavement temperatures. Penetration test at 25°C describes only
consistency at a medium temperature, whereas the lower temperature elastic behavior
cannot be realistically determined from these data to predict low temperature

performance.

3.2.2 Viscosity Measurement

The rheological properties of asphalt vary significantly at the temperatures encountered
during handling, mixing, paving, and in service. The external load of traffic also causes
the deformation of asphait and asphalt-aggregate mix. At the pavement service
temperatures higher than 60°C, and at mixing and compaction temperatures, unaged
asphalt generally behaves as a newtonian fluid (Superpave 1995, Anderson et. al. 1991,
Van der Poel 1954). At these conditions the binder can be properly characterized by
capillary viscometry. But the aged binder even at the higher range of pavement service
temperatures, shows significant non-newtonian behavior, so capillary viscometry is less
applicable in that case (Puzinauskas 1979).

Many researchers (Romberg et. al. 1947, Moavenzadeh et. al. 1965, Griffin et. al. 1956)
have used steady-state creep measurements to calculate the coefficient of viscosity for
asphalt at intermediate pavement service temperature, in the range of 0-25°C. To conduct
such a measurement, it is necessary to apply a shear stress to the asphalt until the strain
rate becomes constant. Time necessary for the delayed elasticity to be expended and for
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steady-state to occur may be so long that very large strains will likely result, causing
geometric non-linearity. At temperatures between ambient and 60°C, most paving grade
asphalts, even when loaded in the linear range, exhibit significant delayed elasticity, and
strain rate varies with loading time.

Delayed elasticity and geometric nonlinearity are often either confound or have gone
unrecognized by many researchers, causing them to apply nonlinear representations to the
stress-strain behavior of asphalt. The testing is generally conducted in the nonlinear
region, and the delayed elastic response exhibited by the asphalt is either not considered
or considered as a nonlinear effect. These problems advocate against the use of viscosity

measurement to characterize asphalt.

3.2.3 Temperature Susceptibility Parameters

Temperature susceptibility is defined as the change in consistency, stiffness or viscosity
of a material as a function of temperature and is usually quantified through parameters
calculated from consistency measurement made at two different temperatures. Asphalt
pavements, and hence asphalt binders, are subjected to a wide range of temperatures in
the service. Because many of the problems observed in pavements clearly result from the
large temperature dependent changes in consistency, temperature susceptibility
parameters have been frequently proposed as a means of characterizing paving-grade
asphalt. However, there are major problems in analyzing and interpreting such

parameters.

The various temperature susceptibility parameters which have been used to classify
asphalts are all empirically derived and are simply indicators of how rapidly the
consistency of a given asphalt changes with temperature. The widely used temperature
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susceptibility parameters are a) Penetration index (PI); b) Penetration-viscosity number

(PVN); and c) Viscosity-temperature susceptibility (VTS).

The empirical methods which have received the most attention are perhaps the PI and
PVN. The PI was first postulated by Pfeiffer and Van Doormaal (1936) and was later
used by Van der Poel (1954) in the development of a nomogram for predicting the
stiffness of asphalt using routine test data. The PI is calculated based on the change in
penetration with temperature. These researchers recognized the confounding of time and
temperature effects that was inherent in the calculation of PI or PVN. To further
complicate the matters, the rheological properties and temperature dependence change
with aging. Hence, the PI values change with aging, but the PVN parameter, developed
by McCleod (1972) appears to remain unchange with aging. In the case of PVN, the
penetration at 25°C is used along with viscosity data to calculate its value.

Viscosity-temperature susceptibility (VTS) was defined using capillary viscometry
measurements at 60°C and 135°C. For unaged unmodified asphalt, flow behavior over
this temperature range is essentially Newtonian and independent of time of loading,
therefore the VTS will in many cases accurately characterize temperature dependence
above 60°C. However this parameter cannot be extrapolated to describe behavior at lower

temperatures, where the delayed elastic properties of the asphalt become significant.

As the rheological properties of asphalt are functions of both loading time and
temperature, temperature-susceptibility parameters must be based on measurements at
different temperatures but similar loading times. Unfortunately, no commonly used
temperature-susceptibility parameter meets this criterion. Furthermore, the application of
the results from the empirical tests for calculation of these parameters makes them
questionable.
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3.2.4 Nomographs and Their Inadequacies

The nomographs developed by various researchers offer 2 mean of calculating the
stiffness of asphalt at various temperature and loading time. The first nomograph for this
purpose was developed by Van der Poel in 1954 using Pl which was later updated and
revised by McCleod (1972) to accommodate penetration and viscosity measurement.
These nomographs provide reasonable estimates of asphalt stiffness at temperature above
ambient temperature but the estimates provided by these nomographs may be in
considerable error at lower temperatures and longer loading times (Petersen 1994a).
Given the poor reliability of these nomographs, a more direct measurement of low-

temperature stiffness was sought.

32.5 AgingIndex

The control of premature aging is an important specification function, and aging index,
either directly or indirectly, have traditionally been used for this purpose. Commonly
used single point aging index which is calculated by dividing aged by unaged viscosity,
can effectively describe the increase in stiffness when the response is essentially viscous.
Such single point aging index will not always accurately reflect changes in stiffness at
low temperatures, where delayed elasticity is a significant portion of the response.

As with temperature susceptibility, a single point aging index is insufficient to
characterize the rheological changes that occur with aging. An aging index based on
stiffness at a selected temperature and loading time will vary with the temperature and
loading time chosen and will differ numerically from an aging index based on viscosity.
More properly, the effect of aging on hardness and temperature dependence should be
described by direct measurement of the rheological properties.
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3.2.6 Need for Performance Related Properties for Use as Specification Criteria

Traditional methods of rheological characterization of asphalts include capillary
viscometry, penetration measurements, ductility test and the determination of the
softening point temperature. The last three methods are unacceptable for a rational
characterization of viscoelastic behavior as they are completely empirical. Capillary
viscometry, although a rational test method, does not provide information on the time
dependence of the properties of asphalt. Temperature-susceptibility parameters as they
are calculated from penetration, softening-point and viscosity data, are not rational
indicators of rheological behavior. These parameters have additional shortcoming of
confounding time and temperature effects which makes a complete and accurate
description of viscoelastic behavior impossible with their use. Rational measurements and
parameters that accurately describe the time and temperature dependence of the stress-
strain response of asphalt are needed to develop an effective performance based
specification.

Moreover, the rheological properties of asphalt below 60°C cannot be described by either
penetration test or the ductility test because the stress fields within the test specimens
cannot be defined, the strains developed during the test are very large and vary within the
test specimen and the stress and strain fields cannot be easily modeled or calculated. Thus
the continued use of these tests in performance based specification is undesirable and
need to be replaced by more fundamental tests that can be used to define a rational
theological model for temperature ranging from 60°C to as low as -40°C and sometime

even lower.

Current specifications for asphalt used in the United States of America and Canada are
based on either viscosity grading or penetration grading. Both specification methods are
limited by the penetration test, an empirical test that provides limited rheological
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information. The viscosity-grading system is also limited in its control over low-
temperature properties, since the grading is done at 60°C. To fully control the potential
performance of an asphalt, the mechanical properties over the entire range of
temperatures to which pavements are subjected must be accurately measured and

specified.

3.3 SHRP Grading Considerations

3.3.1 Development of New Test Methods and Specification

In the spring of 1987, the United States Congress passed legislation which provided $150
million (US) over five years for the Strategic Highway Research Program (SHRP), the
largest and most ambitious highway research effort ever undertaken in the United States.
A primary area identified for research was asphalt and asphalt concrete due to an
increasing number of premature asphalt pavement failures. This created an awareness of
the need for a well funded research effort to develop improved asphalt binder and asphait-
aggregate mixture specifications with an aim to remove the short-comings of current
specifications as mentioned in previous section. Planning for this highly focused research
effort began in 1983 and was developed under the guidance of the American Association
of State Highway and Transportation Officials (AASHTO), the Transportation Research
Board (TRB) and the Federal Highway Administration (FHWA) (Special Report 202
1984, SHRP 1986).

The authors of Transportation Research Board (TRB) Special Report 202 (1984)
identified the objective of the SHRP asphalt program as:



19

“To improve pavement performance through a research program that will provide
increased understanding of the chemical and physical properties of asphalts and asphalt
concrete. The research resuits would be used to develop specifications, tests,.... needed to

achieve and control the pavement performance desired”.

In 1991, the term SUPERPAVE ™ was coined to signify the integration of performance-
based specifications, test methods, equipment, testing protocols and a mixture design
system. As a result, the SUPERPAVE™ system became the ultimate final product of
SHRP asphalt research program. The initial work plan (SHRP 1986) for the research
program addressed the fundamental chemical and physical properties of asphalt and their
relationships to aéphalt—aggregate mixture performance. Specific research topics were
identified for consideration. From this initial development, the program was expanded
and contracting plans which combined similar research topics were prepared. The
resulting research contracts are shown in Table3.1.

Table 3.1: Research Contracts for SHRP

CONTRACT NO. |TITLE

A-001 SHRP Asphalt Program: Technical Direction and Specification-
AAMAS Development

A-002 A Binder Characterization and Evaluation

A-002B Novel Approaches for Investigating Asphalt Binder

A-002C Nuclear Magnetic Resonance Investigation of Asphalt

A-003 A Performance-Related Testing and Measuring of Asphalt -
Aggregate Interaction and Mixtures

A-003 B Fundamental Properties of Asphalt-Aggregate Interaction
Including Adhesion and Absorption

A-004 " | Asphalt Modification Practices and Modifiers

A-005 Performance Models and Validation of Test Results
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To satisfy the objectives of the A-002A project, the researchers were required to identify
the distress mechanisms that are critical to field performance, select and develop material
response parameters that relate to the critical distress mechanism and incorporate these
response parameters into specification type test methods and specification criteria. The

following distress modes were considered (Anderson et. al. 1990):

e Aging

e Plastic deformation or rutting

e Low-temperature thermal shrinkage cracking
e Thermal fatigue

e Load-associated fatigue cracking

3.3.2 Consideration of Aging in Specification

The criteria in a true performance-based specification must be representative of the
material in the pavement. Aging or hardening of asphalt occurs during the mixing and
laydown process and during service. The existing aging methods, the thin film oven test
(TFOT) and the rolling thin film oven (RTFO) test can simulate the aging during
construction only.

To simulate long-term field aging, the pressure-aging vessel (PAV) test was adopted.
This test has been used by other researchers and has been modified for the new SHRP
binder specification (Kim et. al. 1987). Unfortunately, no correlation between PAV and
field aging has been yet developed and it is largely assumed that the PAV represents 5-

10 years of aging in service.
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3.3.3 Consideration of Rutting in Specification

Rutting in the upper pavement layers is caused by the accumulated plastic deformation in
the mixture that results from the accumulation of non-recoverable component of the
response to the repeated application of traffic loading at higher service temperatures.
Although the rutting tendencies of a pavement are influenced primarily by aggregate and
mixture properties, the properties of binder are also important. Because rutting is more
prevalent at high temperatures than at the intermediate or low temperatures, the properties
related to the rutting should be measured in the upper range of pavement service
temperatures. The SUPERPAVE™ specifications defines and places requirements on a
rutting or deformation factor, |G*| /sin § measured at a fixed frequency of 10 rad/s, which
represents a measure of the high temperature stiffness or rutting resistance of the asphalt
binder. The value of |G*| /sin & must be minimum of 1.00 kPa for the original binder and
2.20 kPa after aging the binder using the RTFO procedure. The details of measurement of
|G*| /sin & for the asphalt binder will be discussed in the next chapter.

3.3.4 Consideration of Thermal Cracking in Specification

Thermal shrinkage cracking is a serious problem in much of the northern United States
and in most of Canada. When the pavement temperature decreases asphalt concrete
shrinks. Since friction against the lower pavement layer inhibits movement, tensile
stresses build-up in the pavement. When these stresses exceed the tensile strength of the
asphalt mix, a low temperature crack occurs. Cracking may result from a single
temperature excursion to the critical cracking temperature or from repeated cycling to
somewhat higher temperature. The concept of critical temperature below which cracking
will occur as a result of a single cooling cycle has led to the definition of a limiting
stiffness temperature (Haas et. al. 1969, Monismith et. al. 1965). According to this
concept, when the asphalt binder reaches a critical stiffness value, cracking should result.



In SUPERPAVE™, the bending beam rheometer is used to apply a small creep load to a
binder beam specimen and measure the creep stiffness. If the stiffness is too high, the
asphalt will behave in a brittle manner, and the cracking is more likely to occur. To
prevent this cracking, creep stiffness has a maximum limit of 300 MPa after 4 minutes of
loading. Since low temperature cracking usually occurs after the pavement has been in
service for quite some time, the sample of binder for testing is used after aging in RTFO
and PAV. This method has been discussed in detail in the next chapter.

3.3.5 Consideration of Fatigue in Specification

The selection of specification criteria to ensure satisfactory resistance to fatigue cracking
is perhaps the most difficult challenge presented by the new specification. Fatigue
cracking generally occurs late in the life of a pavement, requiring the testing of asphalt
that is appropriately aged to simulate the long term in situ properties of the binder.

The asphalt binder specification criteria for fatigue is the loss modulus (G” = |G* | sind) .
Since fatigue generally occurs at low to moderate temperatures after the pavement has
been in service for a period of time, the specification addresses these properties using
binder aged in both, RTFO and Pressure Aging Vessel (PAV). The binder specification
has a maximum value of 5000 kPa for [G*| sin §. Low values of |G*| and 8 are considered
desirable attributes from the standpoint of resistance to fatigue cracking. This criteria has

been doubted by researchers and the fatigue parameter is now being revised.
3.4 SUPERPAVE™ Specification

The central theme of the Superpave binder specification is its reliance on testing asphait
binders in conditions that simulate the three critical stages during the binder’s life. Tests
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performed on the original asphalt represent the first stage of transportation, storage and
handling. The second stage represents the asphalt during mix production and construction
and is simulated for the specification by aging the binder in a Rolling Thin Film Oven.
This procedure exposes thin binder films to heat and air and approximates the aging of
the asphalt during mixing and construction. The third stage occurs as the binder ages over
a long period as part of the hot mix asphalt pavement layer. This stage is simulated for
the specification by the pressure aging vessel. This procedure exposes binder samples to

heat and pressure in order to simulate years of in-service aging in a pavement.
The aging and test procedures are summarized in Table 3.2.

As per SUPERPAVE™ specification, the paving asphalt is graded on the basis of the
highest and lowest temperatures up to which that material can be used. The highest
temperature is determined by the dynamic shear test and the lowest temperature is
determined by bending beam test. A unique feature of this specification is that the
specified criteria remain constant for all of the performance grades (PG), but the
temperature at which the criteria must be achieved changes with the grades. As an
example, consider two construction projects - one at the equator and one at the Arctic
Circle. Good asphalt performance is expected in both locations, but the temperature
conditions under which specified binder properties must be achieved are vastly different.
Performance graded binders are selected on the basis of the climate in which the
pavement will serve. Table 3.3 lists the binder grades.

The distinction among various grades is the specified maximum and minimum
temperatures at which requirements must be met. For example, a binder classified as PG
46-40 means that the binder will meet high temperature requirements up to a temperature
of 46°C and the low temperature physical property requirement down to -40°C.



Table 3.2 : Aging and Test Procedures in SUPERPAVE™

Equipment Sample Condition | Performance Property

Rotational Viscometer Original Handling and Pumpability

Flash Point Original Safety

Rolling Thin Film Oven Original Simulating binder aging
characteristic

Pressure Aging Vessel RTFO Aged Simulating binder aging
characteristic

Dynamic Shear Rheometer | - Original Binder properties at intermediate

- RTFO Aged and high temperatures
-PAV Aged

Bending Beam Rheometer | PAV Aged Binder properties at low
temperatures

Direct Tension Tester PAV Aged Binder properties at low
temperatures

Table 3.3 : Performance Grade

High Temperature Grades (°C) | Low Temperature Grades (°C)

PG 46 -34, -40, 46

PG 52 -10, -16, -22, -28, -34, -40, -46

PG 58 -16,-22, -28, -34, -40

PG 64 -10,-16, -22, -28, -34, -40

PG 70 -10, -16, -22, -28, -34, -40

PG 76 -10, -16, -22, -28, -34

PG 82 -10, -16, -22, -28, -34

24
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The specifications of different SUPERPAVE™ binder grades are mentioned in Table 3.4.
The table does not content all grades which can be found in Superpave (1995). The
specifications are applied using pavement design temperature. Various models are
available for the calculation of pavement temperatures which are developed by US
Federal Highway Administration and Canadian SHR Program (C-SHRP). These models
are discussed in Appendix C.
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CHAPTER 4

Empirical and Performance-Based Characterization : Experimental Work

In this chapter, the rationale behind the selection of crude oils, experimental work for the
preparation of paving asphalts from these oils, and testing procedure for asphalts are
discussed in detail.

4.1 Selection Of Crude Qil

For characterization of paving asphalt, vacuum distillation residues of various stiffness
(penetration @ 25°C) were prepared from three Canadian crude oils - Cold Lake; Bow
Valley; and Redwater oils. Cold Lake crude oil is known to have high asphaltic content
where as Redwater is a paraffinic crude oil. Asphalt derived from Cold Lake crude oil is
considered to have good temperature susceptibility whereas Redwater crude gives one of
the worst paving asphalt. The performance of asphalt obtained from Bow Valley crude
lies in between these two extremes. These observations are based on the industrial
experiences. Thus three crude oil were selects with an objective to prepare paving
asphalts of ‘good’, ‘average’ and ‘poor’ qualities.

4.2 Distillation of Crude Oil

The residue obtained after vacuum distillation of crude oil finds application as paving
asphalt. In this experimental work 5-6 specimens of the asphalts with penetration number
ranging between 40-400 decimillimetre (dmm) were prepared from each crude oil. The
details of the experimental set-up and procedure are given in this section.
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4.2.1 Equipments and Instrumentation

The schematic diagram of the distillation unit has been shown in Figure 4.1. This unit

can be divided into 3 sections:

4.2.1.1 Distillation Kettle and Column

Distillation kettle The brass distillation kettle in which crude oil is charged has a capacity
of approx. 10 litres. The kettle is electrically heated with a mantel. A temperature probe
measures the temperature inside the kettle.

Distillation column A glass distillation column of diameter 8 cm and height 24 cm is
mounted on the kettle. A temperature probe measures the vapor temperature at the top of

the column.

Electrical heating mantel The mantel is provided for the heating of kettle. The heating is
controlled by temperature controller.

Electrical heating jacket The heating jackets are provided for column and upper part of

kettle to prevent the condensation of vapor. The jackets also provide required insulation.

4.2.1.2 Condenser and Distillate Collection System

Main Condenser This condenser (Condenser 1) has maximum heat transfer area and it
condenses most of vapor. The condensate is collected as distillate. The condenser has two
co-axial cylinders. A schematic diagram has been given in Figure 4.2. Isopropyl alcohol
(IPA) is filled in the inner cylinder and dry ice is added to that which acts as medium for



30

the heat removal. Vapors pass through the outer cylinder and are condensed on the outer
wall of inner cylinder.

Auxiliary Condensers There are three auxiliary glass condensers, placed on the top of
column (Condenser 2), at downstream of main condenser (Condenser 3) and upstream of
vacuum pump (Condenser 4). Condenser 2 prevents the accumulation of vapors in the
dead-end above column and protects the pressure transducers. Condenser 3 and 4 help in
lowering the load on vacuum pump. All of these condensers use dry-ice in IPA as
condensing media. Condenser 2 and 3 are similar in design to that of main condenser but
have much lower heat transfer area. In Condenser 4, a helical coil which carries the vapor
is placed in a cylinder filled with IPA.

Distillate Flask & Graduated Receivers The distillate from Condenser 1 flows through the
distillate flask and is collected in a train of 6 graduated glass receivers of 500 ml. capacity

each. The flask can be rotated to direct the flow of distillate into the desired receiver.
4.2.1.3 Vacuum Generation System

Caustic Scrubber A bed of caustic placed in a glass flask works as caustic scrubber. The
purpose of scrubber is to prevent corrosion of vacuum pump from corrosive gases by

scrubbing them out.

Vacuum Pump E2M2 series vacuum pump supplied by Edwards High Vacuum
International which is a rotor vane type pump has been used in the distillation unit. The
pump comprise two-stage direct drive, oil sealed outfit. Direct drive is provided, via a
flexible coupling, from a 3-phase motor. The motor fitted is totally enclosed with fan
cooling. The swept volume of pump is 3.4 m’/h. The ultimate vacuum of 1 x 10” mbar is
achievable with this pump.
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Nitrogen Bleeding System Nitrogen bleeding system regulates the vacuum of the
distillation unit and pressures the system when distillation is over. Nitrogen is supplied to
the system from a cylinder through a valve which is regulated by vacuum controller.

Temperature Controller : A user-friendly temperature controller - ‘Powers Process
Controller 545’ regulates the kettle temperature. With two independent full feature
control loops, the 545 can work like two PID controllers. Additionally pre-programmed
functions can be called for cascade, ratio and feed forward applications. In our case, we
are using 545 for only one loop - with PID algorithm and the kettle temperature as the

process variable. The controller output controls the heating by mantel.

Resistance Temperature Detector (RTD) : Two RTDs, one each for the kettle and the
column are provided for the measurement of temperature of material in kettle and vapor
in column. The output from RTDs are sent to the LCD displays of controller. The least

count of temperature measurement is 0.1°C.

Pressure Gauge : MKS Baratron® Type 220C pressure gauge measures the vapor pressure
at the top of column. The Type 220C pressure gauge is a self-contained unit with the
sensor, associated electronics and power supply mounted in a dust proof box. The input
to pressure gauge is 115/220 VAC and the output is 0-10 VDC. The output from pressure
gauge goes to a vacuum controller. There are two pressure gauges connected in parallel.
One can measure vacuum from 10-1000 Torrs whereas another senses vacuum less than

10 Torrs. The selection between these gauges can be made from controller.

Vacuum Controller : H.S. Martin vacuum controller prevents excessive vacuum
formation by controlling nitrogen bleed valve which is an ‘on-off’ valve. After
termination of distillation, the bleed valve is actuated by this controller for pressurizing of
system.
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4.2.2 Procedure

The distillation of crude oil is carried out in two steps, the first is atmospheric distillation
followed by vacuum distillation. Atmospheric distillation is performed to remove the
maximum possible lighter components from the crude oil prior to vacuum distillation. It
is otherwise difficult to control the distillation of crude oil with a high percentage of low
boiling fractions in this apparatus after introduction of vacuum. Moreover, atmospheric
distillation also reduces the load on the vacuum pump. Vacuum distillation is performed

to obtain residue of desired consistency.

The crude oil is poﬁred in the kettle to approximately 80% of capacity. Maximum 8 liter
of oil can be charged to the kettle. The charge weight is recorded and is used for the

calculation of recovery of residue.

The charged kettle is placed on the heating mantel and the joint between kettle and
column is sealed with the vacuum seal grease. Other joints and connections of the
distillation unit are also sealed. The temperature probes (RTDs) of kettle and column are
connected to the temperature controller. The heating jackets are wrapped around the

kettle and column.

The distillation is started by selecting the desired final temperature in the temperature
controller and turning it on. During atmospheric distillation, the downstream of condenser
4 is connected to vent. The set-point is selected around 220-240°C to ensure that at any
instance temperature remains lower than the flash point in the kettle. Isopropyl alcohol is
filed in the condenser traps and dry ice is added.

The distillation starts when the temperature in kettle reaches around 60°C. The vapor start
generating and is condensed and collected in the distillate receivers. Dry ice has to be
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added periodically to ensure proper condensation. The temperature controller is turned off

when set point is achieved. The kettle is allowed to cool down.

The down-stream of condenser 4 is then connected to the suction port of the vacuum
pump. After the temperature of material in the kettle has dropped to 100°C, the vacuum
pump is turned on and the pressure reduced to 2-3 mm Hg. The set-point of the
temperature controller is raised according to the desired atmospheric equivalent
temperature (400-600°C) and the heating is again started. The estimation of atmospheric
equivalent temperature has been discussed in Appendix B. The heavier distillate tends to
condense rapidly and plug the condenser. To avoid this, the distillate is heated with an
infra-red lamp until it flows through the flask into the graduated receivers. The vacuum
controller regulates the vacuum by bleeding nitrogen into the system. When the desired
end temperature is achieved, distillation is terminated by increasing the pressure and
shutting off the heating elements. The pressure is increased by bleeding nitrogen gas.
Nitrogen also prevents the hot residue from being altered by oxidation. The residue is
cooled to a temperature lower than its flash point before exposing it to atmosphere. The
residue is removed from the kettle and weighed. The procedure is then repeated for a

fresh charge of oil to get residue of another desired penetration.

4.3  Binder Characterization and Evaluation : Test Methods
4.3.1 Conventional Tests and Aging Procedures
In this sections, the tests and the aging procedures required for grading of the paving

asphalt as per existing specification, Penetration based ASTM specification, Alberta and
CGSB specifications are discussed.
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4.3.1.1 Penetration Test

Penetration is defined as consistency of a bituminous material expressed as the distance
in tenth of a millimeter that a standard needle vertically penetrates a sample of the

material under known conditions of loading, time, and temperature.

The sample is melted and poured in a metal or glass cylindrical, flat-bottom container and
then cooled under controlled condition in a water bath. The penetration is measured with
a penetrometer by means of which a standard needle is applied to the sample under
specific load and loading time. In most of the conventional specifications, the
temperature, load and time are taken as 25°C, 100 g and 5 sec. respectively. Other

conditions which are mentioned in Table 4.1 may be used for special testing.

Table 4.1 : Conditions for Penetration Test

Temperature, °C Loading, g Time, s
0 200 60

4 200 60

46.1 50 5

The detailed procedure for penetration test is given in ASTM Designation D 5.
4.3.1.2 Viscosity Measurement by Capillary Viscometer
This test method is used for determination of the kinematic viscosity of asphalt. The

kinematic viscosity, the ratio of the dynamic viscosity to the density, characterizes flow
behavior of a material.
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In this test the time is measured for a fixed volume of the liquid asphalt to flow through
capillary of a calibrated glass capillary viscometer under an accurately reproducible head
and at a closely controlled temperature. The kinematic viscosity is then calculated by
multiplying the efflux time in seconds by the viscometer calibration factor. The tests are
carried out usually at 60° and 135°C and the results are customarily reported in the mm?/s
unit. Results of this test method can be used to calculate viscosity when the density of the
test material at the test temperature is known.

The detailed procedure for this test is given in ASTM Designation D 2170.
4.3.1.3 Ductility

The ductility of a bituminous material is measured by the distance to which it will
elongate before breaking when two ends of a briquette specimen of the material are
pulled apart at a specified temperature and speed. This test method indirectly provides

one measure of tensile properties of the material.

In this test, the sample is melted and poured in a brass mold and allowed to cool first at
room temperature, then at the specified test temperature in a water bath. In most of the
conventional specifications, the test is carried out at 25°C. The two ends of the test
specimen are pulled apart at the speed of 5 cm/min. The distance in centimeters through
which the specimen has been pulled to produce rupture is measured and reported.

The detailed procedure for this test is given in ASTM Designation D 113.
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4.3.1.4 Flash Point

The flash point of paving asphalt is determined to estimate the temperature up to which
the material can be handled safely. The flash point in this study was measured by
Cleveland open cup apparatus.. The test cup is filled to a specified level with the sample.
The temperature of the sample is increased rapidly at first and then at a slow constant rate
as the flash point is approached. At specified intervals a small test flame is passed across
the cup. The lowest temperature at which application of the test flame causes the vapor

above the surface of the sample to ignite is taken as the flash point.

The detailed procedure for this test is given in ASTM Designation D 92.

4.3.1.5 Aging Procedures

Asphalt binders are aged primarily due to two different mechanisms: oxidation and
volatilization of light oils present in the asphalt during hot-mix operation, and oxidation
by reacting with the oxygen in the environment when asphalt pavement is in service. In
conventional specifications, the thin film oven (TFO) or the rolling thin film oven
(RTFO) procedures simulate aging during hot-mix operation. There is no procedure in

these specifications to simulate in-service aging.

Thin Film Oven (TFO) Procedure

The TFO procedure serves two purposes. One is to provide an aged asphalt binder that
can be used for further testing. The second is to determine the mass quantity of volatiles
lost from the asphalt during the process. Volatile mass loss, besides the change in
viscosity, is an indication of the aging that may occur in the asphalt during the TFO
procedure. The aging of sample in TFO is aimed to simulate the aging of asphalt binder
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when it is subjected to high temperature in the hot-mix operation. The effect of aging is
determined from measurements of selected asphalt properties before and after the test.
Penetration, viscosity at 60°C and ductility tests are carried out on TFO aged samples.

The TFO procedure requires an electrically-heated convection oven. The oven contains a
circular horizontal rotating shelf. Four pans of the sample are placed on the shelf. To
prepare for TFO aging, a binder sample is heated until fluid and 50 grams of sample is
charged in each pan. The oven is preheated to the aging temperature, 163°C. The sample
pans are placed on the shelf and rotated at a rate of 5.5 revolutions per minute for the
aging time of 5 hrs. After aging, the mass loss is calculated and the aged asphalt binder is
collected for further testing.

The detailed procedure for this test is given in ASTM Designation D 1754.

Rolling Thin Film Oven (RTFO) Procedure

The RTFO procedure also requires an electrically-heated convection oven. The oven
contains a circular, vertical carriage that holds 8 sample bottles and rotates about center.
An air jet blows air into each sample bottle at its lowest position as it circulates in the
carriage. While the bottle is rotating, a film of asphalt which is formed on the wall of
bottle gets oxidized.

To prepare for RTFO aging, a binder sample is heated until fluid and 35 grams of sample
is charged in each bottle. The oven is preheated to the aging temperature, 135°C. The
sample bottles are placed in the carriage and rotated at a rate of 15 revolutions per minute.
The air flow is set at a rate of 4000 ml/min., and the samples are subjected to these
conditions for 85 minutes. After aging, the mass loss is calculated for 2 sample bottles
and the aged asphalt binder from other bottles is collected for further testing.
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The detailed procedure for this test is given in ASTM Designation D 2872.
4.3.2 SUPERPAVE™ Aging Procedures and Tests

The tests and the aging procedure included in the SHRP specifications simulate the
performance of the paving asphalts. These procedures are discussed in detail in this
section. The SHRP specification uses the rolling thin film oven (RTFO) procedures to
simulate aging during hot-mix operation. Pressure aging vessel (PAV) procedure is used

to simulate in-service aging. RTFO procedure is mentioned in the previous section.
4.3.2.1 Pressure Aging Vessel (PAV) Procedure

The effect of long term in-service aging of asphalt were not incorporated in specifications
for asphalt binders prior to the SUPERPAVE™ specification. The PAV, used for many
years in asphalt research, was modified by SHRP and a new procedure was developed to
simulate in-service aging. The PAV exposes the RTFO-aged binder to high pressure and
temperature for 20 hours to simulate the effects of long term aging. Consequently, PAV
residue simulates binder that has been exposed to the environmental conditions to which

binders are subjected during production and service.

The pressure aging apparatus consists of the pressure aging vessel and a forced draft
oven. Air pressure is provided by a cylinder of clean, dry compressed air with a pressure
regulator. The aging is carried out at 2070 kPa and at either 90°, 100° or 110°C,
depending on the asphalt consistency.

To prepare for the PAV, RTFO-aged binder is heated until fluid and stirred to ensure
homogeneity and 50 g sample is poured in different sample pans. The PAV pans are

placed in the sample rack which is placed in unpressurized, preheated pressure vessel.
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When the vessel temperature is within 2°C of the required temperature, the pressure is
applied and the timing for the aging period begins. After 20 hours, the pressure is
gradually released and the pans are taken out of vessel. The pans are weighed to
determine weight gain due to oxidation and the sample is collected for further testing.

The detailed procedure for this test is given in ASTM Designation PS 36.
4.3.2.2 Dynamic Shear Rheometry

Since asphalt behavior depends on both loading time and temperature, the realistic test for
asphalt binders sﬁodd include both factors. Fortunately, testing equipment with this
capability already exists and is generically known as dynamic shear rheometer. In SHRP
testing, the DSR is used to measure the magnitude of complex modulus and the phase
angle between stress and strain of asphalt binders at intermediate to upper pavement

service temperatures and a frequency of 10 rad/s.

There are two types of dynamic shear theometers: controlled stress and controlled strain.
Controlled stress rheometers work by applying a fixed torque to move the oscillating
plate in which asphalt sample is ‘sandwiched’. Controlled strain rheometers work by
moving the oscillating plate at the specified amplitude and measuring the torque required.
SUPERPAVE™ binder tests are conducted in the controlled stress mode.

The DSR is used to characterize both viscous and elastic behavior by measuring the
magnitude of complex shear modulus (JG*[) and phase angle (5) of asphalt binder. |G*| is
a measure of the total resistance of a material to deformation when exposed to repeated
pulses of shear stress. It consists of two components : elastic or recoverable (G’ = |G*|
cos 8) and viscous or non-recoverable (G = |G*| sin 8). The phase angle is an indicator

of the relative amounts of recoverable and non-recoverable deformation. The value of
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|G*| and & for asphalt are highly dependent on the temperature and frequency of loading.
By measuring both |G*| and 3, the DSR provides a more complete picture of behavior of
asphalt at pavement service temperature. These measurements are made for infinitesimal
strains only so that we are in linear visco-elastic region.

Test Procedure

A disk-shaped asphalt specimen with diameter equal to the oscillating plate of the DSR is
required for testing. The thickness of the asphalt between the oscillating plate and the
fixed plate must be carefully controlled. Two different diameter oscillating plates, each
with a corresponding gap thickness, are used in binder tests. The plate diameter and gap
thickness used depends upon the aged state of the asphalt being tested. Original and
RTFO aged binders are tested with a 25 mm diameter plate and 1000 micron gap; PAV-

aged binder is tested with an 8 mm diameter plate and 2000 micron gap.

To prepare the test specimen, the asphalt binder is heated until fluid, stirring occasionally
to remove air bubbles and achieve a homogeneous sample. Then it is poured directly onto
the base plate to provide the appropriate thickness of material. A mold may also be used
for the same purpose. After the asphalt is in place, the specimen is trimmed flush with
parallel plates.

After the test specimen is in place, the sample temperature is controlled by a circulating
fluid bath. Fluid baths typically use water which is circulated through a temperature
controller that precisely adjusts and maintains the desired sample temperature.

Testing consists of setting the DSR to apply a constant oscillating stress and recording the
resulting strain and time lag, 8. The shear strain is set between about one to 12 percent,
depending on the aged state of the binder being tested. Original binders and RTFO aged
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binders are tested at strain values of approximately 2-12 %. PAV-aged binders are tested
at strain values of about 1%.

Prior to beginning the test, the sample is first conditioned by loading the specimen for 10
cycles. During this conditioning period, the rheometer measures the stress required to
achieve the set shear strain and then precisely maintains this stress during the test. After
the 10 conditioning cycles, ten additional cycles are applied to obtain test data. The
rheometer software automatically computes and reports |G*| and 9, using the relationship
between the applied stress and the resulting strain.

Data Analysis

Two parameters formed from |G*| and & at fixed frequency, are used in the binder
specification. Permanent deformation is governed by limiting |G*| /sin § at the test
temperatures to values greater than 1.00 kPa for original binder and 2.20 kPa after RTFO
aging. Fatigue cracking is governed by limiting [G*| sin & of pressure aged material to
values less than 5000 kPa at the test temperature.

4.3.2.3 Bending Beam Rheometry

Asphalt binders at low temperatures are too stiff to reliably measure their properties using
the parallel plate geometry of the DSR. So SHRP researchers introduced the Bending

Beam Rheometer (BBR) to evaluate binder properties at low pavement temperatures.

The BBR is used to measure how much a binder deflects or creeps under a constant load
at a constant temperature. The BBR test temperatures are related to the lowest service
temperature of a pavement. Furthermore, the test is performed on binders that have been
aged in both RTFO and PAV.
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The test method uses beam theory to calculate the stiffness of an asphalt beam sample
under a creep load. By applying a constant load to the asphalt beam and measuring the
center deflection of the beam throughout the four-minute test procedure, the creep
stiffness (S) and creep rate (m) can be calculated. Creep stiffness is the resistance of the
binder to creep loading and the m-value is the change in asphalt stiffness with time during
loading.

Test Procedure

The BBR consists of fluid bath, load cell, loading frame support and deflection
transducer. A rectangular beam of asphalt of dimension 6.25 mm x 125 mm x 12.5 mm is
prepared using an aluminum mold and conditioned at test temperature in the bath. The
deflection transducer and load cell are calibrated, and the compliance of the loading
frame is checked with a rigid stainless steel reference beam. Most of the system
calibration is controlled by the BBR software and user-friendly instructions.

After the 60 minute thermal conditioning period in the bath, the asphalt beam is placed on
the support. A 980 mN load is applied to the beam for a total of 240 seconds. The
deflection is measured with the deflection transducer. During the test, the graphs of load
and deflection versus time are continuously generated on the computer screen for
observation. After 240 seconds, the test load is automatically removed and the rheometer

software calculates creep stiffness and creep rate.

Data Analysis

Beam theory is used to obtain creep stiffness of the asphalt in this test. The equation for
calculating creep stiffness, S(t), is



3

S = T ow’Dey

4.1)

S(t) = creep stiffness (MPa) at time t

P = applied constant load, N

L = distance between beam supports, 102 mm
b = beam width, 12.5 mm

h = beam thickness, 6.25 mm

D(t) = deflection (mm) at timet

The BBR software makes this calculation using deflection versus time. The desired value
of creep stiffness is when the asphalt has been loaded for two hours at the minimum
pavement design temperature. However, using the concept of time-temperature
superposition, SHRP researchers confirmed that by raising the test temperature by 10°C
(Superpave 1995), an equal creep stiffness in most conventional asphalts can be obtained
after only a 60 seconds loading. The SHRP specification requires that the creep stiffness
not exceed 300 MPa at 60 seconds. However, 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. The direct tension test is described in the next section.

The second parameter determined from the results of the bending beam test is the m-
value. The m-value represents the rate of change in the creep stiffness, S(t), versus time.
This value is also calculated automatically by the bending beam software. The m-value is
the slope of the log stiffness versus log time curve at any time, t. The SHRP specification
requires that m-value be greater than or equal to 0.300 at 60 seconds.
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4.3.2.4 Direct Tension (DT) Test

Numerous studies (Petersen and Anderson, 1994a) of low temperature asphalt binder
behavior have shown that there is a strong relationship between stiffness of asphalt binder
and the amount of stretching it undergoes before breaking. It is important that an asphalt
binder be capable of a minimal amount of stretching or elongation.

Creep stiffness as measured by the BBR is not adequate to completely characterize the
capacity of asphalts to stretch before breaking. For example, some binders exhibit high
creep stiffness but can also stretch further before breaking. Consequently, SHRP
researchers developed a specification system to accommodate these stiff-but-ductile
binders. These binders are allowed to have relatively high creep stiffness if they can also
display reasonably ductile behavior at low temperatures. This additional requirement
applies only to binders that have a BBR creep stiffness between 300-600 MPa. If the
stiffness is below 300 MPa, the additional testing is not required.

The equipment that measures the amount of binder strain before failure at very low
temperatures is the direct tension tester (DTT). The test is performed on the RTFO and
PAV aged sample at the temperature range 0° to -36°C.

Test Procedure

The direct tension test is carried out on “dog bone” shaped asphalt specimens, formed in
an aluminum mold. The DT tester consists of three components : testing machine to apply
load, an elongation measurement system and an environmental control system. The key
feature of the testing machine is the gripping system used to attach specimens to the
alignment rods that apply the tensile load. Because the direct tension test is performed at
such low temperatures, the failure strains are relatively small. The environmental
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chamber includes a mechanical refrigeration unit capable of producing and precisely

maintaining chamber temperatures as low as -40°C.

The test is carried out on four specimens which are tested individually. A tensile load is
applied by pulling one end of the specimen at starting speed of 1 mm/min. The test is
designed to maintain constant rate of elongation, the pulling speed is increased to
compensate for decreasing cross-section of the tested sample. The test is carried out until

specimen fails.

Data Analysis

A single test result consists of the average strain to failure of the four spec;imens, reported
to the nearest 0.01%. Also in this test, the shift factor of 10°C is used, even though it is
not absolutely clear that the same shifting applies (Zanzotto, 1996). The low temperature
task force of Expert Tar Group (ETG) at FHWA is working on this matter as well as on
the issue of combining results of BBR and DT.

4.3.2.5 Rotational Viscometer

The measurement of viscosity performed in rotational viscometer is used to determine
the flow characteristics of the asphalt binder to provide some assurance that it can be
pumped and handled at the hot mixing facility. In SHRP specification, the viscosity is

measured at 135°C.

The rotational viscometer consists of cylindrical sample chamber, spindle and torque
measuring device. The viscosity is determined by measuring the torque required to

maintain a constant speed of the cylindrical spindie while submerged in the asphait binder
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sample at a constant temperature. The torque is directly related to the binder viscosity,

which is calculated automatically by the viscometer.

In this study, Mettler RM 260 and Contraves RM 115 viscometers were used for

measurement of viscosity at 60°C and 135°C respectively.

IPA +
DRY ICE

NON-CONDENSED
——» VAPOR

VAPOR T v DISTILLATE

Figure 4.2 : Main Condenser
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CHAPTER §

Empirical and Performance-Based Characterization : Results and Discussion

5.1  Preparation of Asphalt

To prepare the residues of different penetrations, Cold Lake (CL), Bow Valley (BV) and
Redwater (RW) crude oils were distilled under vacuum. Prior to the distillation of these
oils, the process parameters for obtaining residue of the desired penetration were not
known. Hence, the atmospheric equivalent temperatures (AETs) for the termination of
different runs of vacuum distillation were arbitralily chosen. The AETs set as the
termination temperatures and penetration at 25°C (Penzsec ) of the materials prepared are
plotted in Figure 5.1. It can be observed from the plot that there is practically a linear
relationship between AET and Pen;sec. The relationship is dependent on the crude source.

From the regression of AET- Penysec data, the following correlation was developed,

AET =a; (Penysec ) + a2 5.1

where a; is the slope and a; is the intercept of AET-Penzsec plot. The values of a; and a;
for differnt crude cils are reported in Table 5.1.

Table 5.1 : Correlation Parameters of AET

Crude Oil a a r
Cold Lake -0.2578 501.99 0.96
Bow Valley -0.1989 560.06 0.94

Redwater - 0.0903 571.90 0.94
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One of the simple measures of the goodness of a correlation is the correlation coefficient
r, which is defined as,

=] Z(Yi "9i)2
>yvi-(Ty.) /n

(52)

where y,and§, are actual and correlated quantities and n is the sample size. Generally,

for the correlations, the values for r* greater than 0.9 are considered to be acceptable. For
detailed statistical analysis, it is recommended to use the measures like standard

deviation, sensitivity analysis etc.

AET at which distillation was terminated is minimum for CL crude whereas it is
maximum for RW crude. To prepare the asphalt binders of the penetration at 25°C
ranging between 100-300, the range of AET up to which distillation should be carried
out is 440-480°C for CL, 510-540°C for BV and 550-560°C for RW. The lower severity
of distillation for Cold Lake crude is because of its higher asphaltic content. The slope of
AET vs. Penysec is maximum for CL crude and minimum for RW crude. The proposed
correlations represented by Equation 5.1, will facilitate in the selection of required AET
for the preparation of asphalt from these oils.

The weight percentage of crude oil residue obtained from the vacuum distillation are
plotted against the Penas.c of the residue in Figure 5.2. There appears to be a linear
relationship between Wt.% Residue and Penzsec . This relationship is also crude source
specific. The quantity of asphalt obtained from RW crude is minimum whereas it is
maximum for CL crude. About 20% residue is obtained from RW crude which has
Penysec in the range of 100-300 whereas 40-45% residue is prepared from BV crude and
58-68% from CL crude for the same penetration range. This indicates that among crude
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oils studied experimentally, CL crude has the maximum asphaltic content while RW

crude has the minimum.

5.2 Penetration and Viscosity Measurement of Original Samples

The following tests, carried out on the original asphalt samples, are discussed in this

section:

Penetration at 25°C

Viscosity at 60°C (neeec) by rotational viscometer

Viscosity at 135°C (1135°c) by rotational viscometer

Kinematic Viscosity at 135°C (vi3sec) by capillary viscometer
The results of these tests are reported in Table 5.2.

The viscosity at 60°C has been plotted against Penzsec in Figure 5.3 . The plots show that
the viscosity and the penetration exhibit a power law relationship which is well supported
by other researchers (Corbett et. al. 1973). As expected, the viscosity of the asphalt
decreases with the increase in its penetration. The correlation for viscosity can be written

as,
Nype =b1 (Pen,. )" (5.3)

The parameters of Equation 5.3 are reported in Table 5.3. The value of 1 is higher than
0.97 which shows that the fits are very good.



Table 5.2 : Penetration and Viscosity Data of Samples

Asphalt Pensec Nso°C» Ni3sec, Vi3seC,
Pas mPa.s mm?/s
Cold Lake (CL1) 64 315 461 459
Cold Lake (CL2) 130 118 280 296
Cold Lake (CL3) 140 97 267 253
Cold Lake (CL4) 210 58 208 208
Cold Lake (CL5) 281 37 165 167
Bow Valley (BV 1) 38 489 572 573
Bow Valley (BV 2) 90 157 340 334
Bow Valley (BV 3) 145 83 243 241
Bow Valley (BV 4) 214 51 203 198
Bow Valley (BV 5) 228 42 184 177
Bow Valley (BV 6) 400 20 124 122
Redwater (RW 1) 100 94 209 194
Redwater (RW 2) 151 53 155 161
Redwater (RW 3) 195 41 138 156
Redwater (RW 4) 220 29 123 130
Redwater (RW 5) 295 28 110 120
Table 5.3 : Correlation Parameters of Viscosity at 60°C
Asphalt by b2 r
Cold Lake 126,951 -1.4422 0.99
Bow Valley 73,651 -1.3698 0.99
Redwater 18,348 -1.1573 0.97
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The viscosity at 135°C measured by rotational viscometer has been plotted against
Penysec in Figure 5.4. It is evident from the plot that n;3sec for asphalt also exhibits a
power law relationship with Penssec, similar to that observed for neeec - Penpsec. The

power law relationship can be expressed as,

Npsgec =Ci (Penzs.c)°’ (5.4)

The values of ¢; and c; were determined by regressing the m13s.c - Penasec data. It was
found from the regression that CL and BV asphalt can be characterized by the same
correlation where ¢; and c; are 6638.2 and -0.6564, respectively. The values of ¢, and ¢,
for the correlation for RW asphalt are 3222.6 and -0.5991, respectively. RW asphalt
sample has a lower viscosity at 135°C compared to that of CL and BV asphaits for the

sample of same penetration.

It has been reported in the literature that conventional paving asphalt behaves as a
newtonian fluid at temperature higher than 60°C (Superpave 1995). The experiments
were carried out to investigate the shear stress - shear rate relationship for the asphalt
samples prepared in this study. CL4, BV4 and RW4 samples were selected as they have
approximately same penetration at 25°C. The expriments were performed at 40°C and
60°C. The results are plotted in Figure 5.5 and Figure 5.6 for 40°C and 60°C
respectively. It is interesting to observe from these figures that the samples chosen seem
to behave as newtonian fluids even at temperature as low as 40°C. Redwater residue
which has high wax content also exhibits this behavior. The zero shear rate viscosity
obtained from the extrpolation of data for CL4, BV4 and RW4 are 1637.8, 918.73 and
381.06 Pa.s respectively at 40°C and 93.11, 59.97 and 24.65 Pa.s respectively at 60°C.
These measurements were made at shear rate higher than 0.01 s™. It is difficult to
comment upon the behavior of samples for the lower shear rates. The sample will not

necessarily exhibit Newtonian bhavior in that region.
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To further investigate dependence of viscosity of paving asphalt on temperature,
measurements were made for CL4, BV4 and RW4 samples at various temperatures and

the shear rate of 0.05 s™'. The results are summarized in Table 5.4.

Table 5.4 : Viscosity Data at Various Temperatures

Temperature, °C CL4 BV4 RW4

160 9.22 x 10" 8.30 x 10" 5.70 x 10"
135 2.08 x 10? 1.98 x 10? 1.23 x 10%
100 1.80 x 10° 1.47 x 10° 7.68 x 10%
80 1.11 x 10* 7.59 x 10° 3.63 x 10°
60 5.80 x 10* 5.05 x 10* 2.74 x 10*
40 1.85 x 10° 9.76 x 10° 3.96 x 10°

The vicosity-temperature data were correlated with the following equation (Mehrotra et.
al. 1989):

loglog(n +0.7)=d, +d, log(T) (5.5)

where 1) is in mPa.s and temperature in K.

Eastick (1989) has reported that several other researchers (Mehrotra and Svrcek 1984)
have found this equation to be applicable for several bitumens. The values of d; and d;
for each sample regressed from our data, are given in Table 5.5.

Table 5.5 : Viscosity - Temperature Correlation Parameters

Asphalt d; da r
CL4 9.96406 -3.6730 0.99
BvV4 10.18924 : -3.7711 0.99

RW4 10.10871 -3.7506 0.99
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The viscosity-temperature data and the plots of Equation 5.5 for CL4, BV4 and RW4

samples are shown in Figure 5.7.

5.3  Flash Point Measurement for Original Samples

The flash point for different asphalt samples are reported in Table 5.6. Flash point -
penetration at 25°C and flash point - viscosity at 60°C data are plotted in Figure 5.8 and
Figure 5.9. CL asphalt has lower flash point compared to BV and RW asphalts. The flash
point of BV and RW asphait samples of same penetration or viscosity are nearly same.
The flash point of an asphalt sample is dependent on its chemical composition. It can be
seen from Figure 5.1 that Cold Lake crude requires lower distillation severety for the
preparation of an asphalt sample of a certain penetration, compared to the other crude
oils. Hence, Cold Lake asphalt sample has higher content of low boiling point fractions
which attributes to its lower flash point.

54 TFO Aging and Testing of Aged Samples

The change in the mass of the asphalt samples was calculated after TFO aging. The
results are reported in Table 5.7. CL asphalt samples show mass loss which is higher for
the softer material. BV and RW asphalt samples gained weight after tht TFO aging. The
weight gain by RW asphalt samples are nearly constant.

The penetration of TFO aged sample was measured at 25°C and the residual penetration
was calculated as the ratio of penetration of TFO sample to that of the original sample.
The results are reported in Table 5.8. The residual penetration is higher for the asphalt
specimens with low Penasec for the original sample. This can be attributed to lower
content of lighter fractions in the samples with low penetration. Redwater asphalt samples
have lower residual penetration as compared to CL and BV asphalt samples.



Table 5.6 : Flash Point Data
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Asphalt Penysec Neo°c, Pa.s Flash Point, °C
Cold Lake (CL1) 64 315 288
Cold Lake (CL2) 130 118 286
Cold Lake (CL3) 140 97 278
Cold Lake (CL4) 210 58 270
Cold Lake (CL5) 281 37 250
Bow Valley (BV 1) 38 489 361
Bow Valley (BV 2) 90 157 332
Bow Valley (BV 3) 145 83 321
Bow Valley (BV 4) 214 51 317
Bow Valley (BV 5) 228 42 307
Bow Valley (BV 6) 400 20 301
Redwater (RW 1) 100 94 338
Redwater RW 2) 151 53 334
Redwater (RW 3) 195 4] 322
Redwater (RW 4) 220 29 321
Redwater (RW 5) 295 28 318
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Table 5.7 : TFO Test Mass Loss Data

% Mass Change

Sample No. Cold Lake Bow Valley Redwater
1 -0.01 +0.08 +0.12

2 -0.12 +0.09 +0.13

3 -0.18 +0.09 +0.14

4 -0.35 +0.08 +0.15

5 -0.72 +0.05 +0.12

6 +0.03

The viscosity measurements were made at 60°C for the TFO aged samples and the aging
indices were calculated as the ratio of the viscosity of the aged sample to the original
sample. The results are reported in Table 5.9. There is no definite trend for the aging
index with the viscosity of the original sample.

The ductility tests were carried out at 25°C for the samples with Pen;sec less than 200 and
at 15.6°C for the other samples. The ductility of all the samples was more than 150 cm

under the test condition.

55 RTFO Aging and Testing of Aged Sample

The mass change of the samples after RTFO aging has been reported in Table 5.10.
Similar to the mass change after TFO aging, CL asphalt samples show mass loss whereas
BV and RW samples show mass gain. The mass loss for CL sample with the higher
penetration is lower compared to that for the CL sample of lower penetration. The mass

gain is nearly same for all RW samples.
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Table 5.8 : Residual Penetration after TFO Test

Asphalt Penysec Penysec % Residual
(Original) (TFO Aged) Penetration
Cold Lake (CL1) 64 52 74.0
Cold Lake (CL2) 130 93 64.5
Cold Lake (CL3) 140 103 64.0
Cold Lake (CL4) 210 130 56.0
Cold Lake (CL5) 281 181 55.6
Bow Valley (BV 1) 38 37 71.2
Bow Valley (BV 2) 90 69 65.1
Bow Valley (BV 3) 145 107 62.6
Bow Valley (BV 4) 214 139 58.4
Bow Valley (BV 5) 228 157 59.2
Bow Valley (BV 6) 400 314 63.3
Redwater (RW 1) 100 65 65.0
Redwater (RW 2) 151 91 60.2
Redwater (RW 3) 195 110 56.4
Redwater (RW 4) 220 125 56.8
Redwater (RW 5) 295 169 57.3

The RTFO-aged samples were further aged by PAV procedure. The DSR test results for
the RTFO-aged samples and BBR tests results for the PAV-aged samples are discussed in
the next section.
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Table 5.9 : Aging Index after TFO Test

Asphalt Neeec, Pa.s Neoec, Pa.s Aging Index
_(Original) (TFO Aged)
Cold Lake (CL1) 315 580 1.84
Cold Lake (CL2) 118 245 2.08
Cold Lake (CL3) 97 220 2.27
Cold Lake (CL4) 58 142 245
Cold Lake (CLS5) 37 92 2.49
Bow Valley (BV 1) 489 1100 2.25
Bow Valley (BV 2) 157 325 2.07
Bow Valley (BV 3) 83 146 1.75
Bow Valley (BV 4) 51 92 1.83
Bow Valley (BV 5) 42 85 2.02
Bow Valley (BV 6) 20 34 1.73
Redwater (RW 1) 94 199 2.12
Redwater (RW 2) 53 96 1.81
Redwater (RW 3) 41 85 2.07
Redwater (RW 4) 29 50 1.70
Redwater (RW 5) 28 45 1.61

Table 5.10 : RTFO Test Mass Loss

% Mass Change

Sample No. Cold Lake Bow Valley Redwater
1 -0.03 +0.07 +0.13

2 -0.21 +0.11 +0.13

3 -0.31 +0.09 +0.13

4 -0.56 +0.04 +0.14

5 -1.11 +0.01 +0.15

6 -0.03

5.6 Highest and Lowest Service Temperatures

As per SHRP recommendation, DSR tests conducted on original and RTFO-aged samples
give the highest temperature (Thigr) up to which the asphalt can be used in pavement

without causing escessive plastic deformation.
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The bending beam rheometer (BBR) test is performed to evaluate binder properties at low
pavement temperatures. The BBR test temperatures are also related to the lowest service
temperature of a pavement. Based on the time-temperature superposition principle, SHRP
study has concluded that 10°C lower than the BBR test temperature is the lowest service
temperature (Tiow) for a paving asphalt (Petersen and Anderson, 1994a).

In this study, DSR and BBR tests were carried out for asphalt specimens prepared from
CL, BV and RW crude oils. The lower of the DSR test temperatures for original and aged
asphalt is the highest allowable service temperature for that sample. The highest and the
lowest temperatures obtained for these samples are reported in Table 5.11.

To investigate the possible relationship between empirical parameter such as penetration
or rheological property such as viscosity with the highest service temperature, Thign has
been plotted against Penysec and neoec in Figure 5.10 and Figure 5.11 respectively. The
plots show that Thign is higher for the stiffer material. It can be seen from the figures that
the data points on Th;g - Penasec plot are more scattered compared to that on Thign~ Neoec
plot. This can be attributed to the fact that DSR tests and viscosity measurement have
been carried out over the same temperature range while penetration test is carried out at
much lower temperature. Hence, the performance of paving asphalt at higher service

temperature can be characterized by its viscosity measured at 60°C.

It is interesting to note that the relationship between Thigh and neo-c for all specimens

prepared from different crude oils can be described by a single correlation which is,
(Thign)® = -656.98 + 890.15 In(neo-c) (5.6)

The value of r* for the best fit of Thigy Vs Neo-c described by Equation 5.6 is 0.9875 which
is excellent. The proposed correlation has good predictive capability for the highest
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service temperature for the specimens prepared in this study. The value of 1 for the best
fit of Thign Vs Penasec is 0.94 which is lower compared to the value of 1 for Thigh VS Neo°C -

Table 5.11 : Highest and Lowest Service Temperatures

Asphalt Penasec  Meovcs Thighs °C Thighs °C  Thigh, °C  Tiow, °C
Pa.s (Original) (RTFO)

CL1 64 315.0 68 64 64 -26
CL2 130 118.0 59 62 59 -31
CL3 140 97.0 58 58 58 -32
CL4 210 58.0 55 55 35 -34
CL5 281 37.0 51 51 51 -36
BV1 38 489.0 73 70 70 -21
BvV2 90 157.0 63 63 63 -26
BV3 145 83.3 58 57 57 -30
BV4 214 50.5 54 52 52 -32
BV S5 228 42.1 54 51 51 -33
BV 6 400 19.8 46 45 45 -37
RW1 100 94.0 60 59 59 -26
RW2 151 53.0 54 54 54 -29
RW3 195 41.0 52 52 52 -30
RW 4 220 294 51 51 51 -30
RW S5 295 28.0 49 49 49 -32

To test the applicability of the developed correlation, Thigh for 18 Husky asphalts samples
(Source: Bituminous Material Laboratory, The University of Calgary) were predicted. A
comparison of the predicted and experimentally obtained data is reported in Table 5.12.
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Table 5.12 : Validity of Equation 5.6 for Other Samples
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160°Cs Thigh, °C Thighs °C Absolute Percentage
Pas (DSR Test) (Predicted) Deviation Deviation
210.0 65 64.05 0.95 1.46
220.0 66 64.37 1.63 2.46
117.0 58 59.85 1.85 3.19
100.0 60 58.67 1.33 2.21
90.0 57 57.87 0.87 1.52
40.5 53 51.36 1.64 3.10
472 54 52.67 1.33 247
46.0 52 52.45 0.45 0.87
46.4 53 52.52 0.48 0.90
45.2 52 52.30 0.30 0.58
46.3 53 52.51 0.49 0.93
34.0 52 49.82 2.18 4.19
35.9 51 50.30 0.70 1.37
32.0 49 49.28 0.28 0.56
28.5 48 48.22 0.22 0.45
26.0 51 47.36 3.64 713
19.5 47 44.58 242 5.16
17.9 46 43.71 2.29 4.97
Average Deviation 1.28 242
The deviations have been calculated as follows:
Absolute Deviation=l’1‘hig!1 "Thishl 5.7
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IThsen — Thien|

Percentage Deviation = (5.9)

Thigh

where T,y and Thig,, are data and predicted temperatures respectively.

The predicted Thign are within 8% of the experimentally estimated Thign- The low average
absolute and percent deviations of predicted highest service temperature from data
indicates that the correlation has excellent predictive capability for other regular asphalts
also. Furthermore, it can be observed that for the predictions of highest temperature for
13 out of 18 asphalt samples are lower than the experimental data and hence, the estimate
of Thign from the proposed correlation is conservative. The conservative estimate

eliminates the hazard of over-predicting the performance of the paving asphalt.

The lowest service temperatures for CL, BV and RW asphalts have been plotted against
their Penysec and ngec in Figure 5.12 and Figure 5.13. Lower Tiow can be achieved by the
softer material. This behavior can be attributed to the lowering of the lighter fractions in
the stiffer material which have lower stiffness compared to the heavier fractions.
Comparison of CL, BV and RW asphalt of same Penysec or neoec shows that CL asphalt
will offer the best service at low temperature whereas RW asphalt will offer the worst
among these three. The lowest expected service temperature for these asphalts of 100 Pa.s
viscosity at 60°C are given in Table 5.13.

Table 5.13 : Comparison of Lowest Service Temperature

Asphalt Tiow, °C
Cold Lake -32
Bow Valley -29

Redwater -26
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There exists a relationship between the lowest service temperature and penetration or
viscosity, but the relationship differs significantly for asphalt specimens prepared from
different crude oils. An effort was made to develop a correlation for Tiow based on
penetration and viscosity measurements for paving asphalts which is independent of the

crude source. The correlation obtained is as follows :

Tiow = 17.600892 - 1.4379 ( InX)? (5.9)

where X = Pengsec * (In(neoec))* / (ln(Penzsec))*®

The * for this correlation is 0.9524 which is very good. This cormrelation is purely an
empirical one and it is difficult to comment on the logic behind this relationship.

The applicability of the proposed correlation was further checked for 18 Husky asphalt
samples and the results are reported in Table 5.14.

It can be observed that the average percentage deviation in the predicted Tigw is less than
2%. and the average absolute deviation is 0.69°C. The low average absolute and percent
deviations of predicted lowest service temperature from data indicates that the correlation

is excellent for predicting low service temperatures of other regular asphalts also.

The maximum absolute deviation for the prediction of the highest and the lowest
temperatures are 3.64°C and 1.57°C respectively, for 16 asphalt samples prepared in the
study and 18 Husky asphalt samples. The temperature step between two SHRP grades
are 6°C for the both high and low temperatures. Hence, the correlations developed in the
study can be used as a reliable estimate for the samples which are in the middle of the
temperature bracket. Only the samples on the boundaries of the temperature brackets are

of real concem.
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Table 5.14 : Validity of Equation 5.9

160°Cs Penysic X Tiow,°C Tiow,°C Absolute  Percentage
Pa.s (BBRTest) (Predicted) Deviation Deviation
210.0 2! 285.10 -29 -28.35 0.65 225
220.0 91 288.58  -28 -28.54 0.54 1.94
117.0 147 361.18 -31 -32.27 1.27 4.10
100.0 157 364.23 -32 -32.41 041 1.30
90.0 168 373.33 -32 -32.83 0.83 2.61
40.5 274 43060  -36 -35.29 0.71 1.96
47.2 281 465.71 -36 -36.67 0.67 1.86
46.0 288 471.21 -37 -36.88 0.12 0.33
46.4 276 455.75 -36 -36.29 0.29 0.80
45.2 262 431.70  -36 -35.34 0.66 1.84
46.3 279 459.63 -36 -36.44 0.44 1.22
340 357 50530  -37 -38.12 1.12 3.03
359 329 481.11 -37 -37.25 0.25 0.67
320 378 518.17  -37 -38.57 1.57 4.25
28.5 427 549.13 -40 -39.62 0.38 0.95
26.0 453 556.00 -40 -39.85 0.15 0.38
19.5 512 54344 41 -39.43 1.57 3.83
17.9 571 573.74 41 -40.42 0.58 1.42
Average Deviation 0.69 1.96

The determination of the highest and lowest service temperatures for paving asphalt from
DSR and BBR tests is a time consuming process which requires sophisticated rheometers.
The sample has to be first aged in RTFO for DSR test and then PAV aged for BBR test.

The proposed correlations can predict these temperatures which require penetration
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measurement at 25°C and viscosity measurement at 60°C for the original or unaged
sample. These measurements can be made by simpler equipments in a shorter time. The
proposed correlations can be used to estimate the service temperatures with fairly good
accuracy, and hence, SHRP grade of the sample can be estimated with the information
obtained from conventional tests.

The correlation for Tjow can also be of help in selecting initial test temperature for BBR
test. As a limited quantity of asphalt is available after PAV aging and a substantially large
quantity of sample is required for this test, the proper initial guess for test temperature

assumes a great importance.

5.7 Conventional and SHRP Grading of Samples Prepared and Comparison

The asphalt samples prepared for this study were graded as per ASTM penetration based,
Alberta, CGSB and SHRP specifications. The grades are reported in Table 5.15. The
asphalt specimens prepared from Cold Lake crude conform to CGSB A grades where as
BV asphalts conform to both A and B grades. It is not possible to prepare A grade
samples from Redwater crude. Redwater asphalt binders are either of B or C grades.

It can be observed from Table 5.15 that for the grades of different samples, there is no
definite relationship between conventional and SHRP grades. The asphait samples
prepared from different crude oils which conform to the same CGSB grade, may be of
different SHRP grades. For example, both CL4 and BV4 are graded as CGSB 200/300 A,
but their SHRP grades are PG 52-34 and PG 52-28. Similarly, the samples which belong
to the same SHRP grades, may not have the same CGSB grades. BW4 and RW4 confirm
to the same SHRP grade, PG 52-28 but their CGSB grades are different. RW4 and RW35
samples are graded as CGSB 200/300 B and C respectively, but these samples cannot be
graded as per SHRP specification. The low temperature service offered by these samples
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do not meet the service required by the specification. Similarly, BV5 and BV6 cannot be
classified as per SHRP specification as these samples fail either on high or low

temperature service requirement.

Table 5.15 : Grades of Asphalt Samples

Grades

Sample Pen Alberta CGSB SHRP
CL1 -* - 60/70 A PG 64-22
CL2 120/150 - 120/150 A PG 58-28
CL3 120/150 - 120/150 A PG 58-28
CL4 200/300 200/300 A 200/300 A PG 52-34
CLS 200/300 200/300 A 200/300 A PG 52-34
BV1 - - - PG 70-16
BV2 85/100 - 80/100 A PG 58-22
BV3 120/150 - 120/150 A PG 52-28
BV4 200/300 200/300 A 200/300 A PG 52-28
BVS5 200/300 200/300 B 200/300 B -

BV6 - 200/300 A 300/400 B -

RW1 85/100 - 80/100 B PG 58-22
RW2 120/150 - 120/150 B PG 52-28
RW3 - - 150/200 B PG 52-28
RW4 200/300 200/300 B 200/300 C -

RWS 200/300 200/300 A 200/300 B -

* Sample does not conform to any grade as per that specification
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58 Transformation from CGSB to SHRP Grades for Canada

In this section, the impact of the transformation from present grade represented by CGSB
grade to SHRP performance grade on the selection of paving asphalt is discussed. For this
study, first the performance grades are predicted for the asphalt conforming to various
CGSB grades (Section 5.8.1). Then the performance grade requirement for various
locations in Canada are evaluated in Section 5.8.2. The transformation from CGSB to
SHRP grade is discussed in Section 5.8.3

5.8.1 Expected SHRP Grade from CGSB Grades

From Figures 5.10 - 5.13, it can been seen that the high and the low service temperatures
offered by CL, BV or RW asphalt samples are related to their viscosity or penetration.
The Thigh and Tiow were estimated for the paving asphalt binders conforming to different
CGSB grades from the intrapolation of their viscosity data. From the estimated service
temperatures, these samples were graded as per SHRP specification into the performance
grades. The expected service temperatures and PGs for these samples are reported in
Table 5.16.

It can be observed from the results that the materials conforming to same CGSB grades
can have different performance grades. For example, two different Cold Lake asphalt
samples of Penpsec values 80 and 100, belong to CGSB 80/100 A grade, but these
samples are graded as PG 64-22 and PG 58-28. Similarly, CL and BV asphalts of Penasec
value 80 which are graded as CGSB 80/100 A have different SHRP grades, PG 64-22 and
PG 58-22 respectively.



81

5.8.2 SHRP Grades for Various Locations Across Canada

The selection of SHRP grades for the paving asphalt for a particular location is based on
the high and low pavement service temperatures. For Canadian cities, these temperatures
are calculated as per Canadian SHRP (C-SHRP) model. Federal Highway Administration
has recommended a new model, Long Term Pavement Performance Seasonal AC
Pavement Temperature (LTPP SAPT) model for estimation of these temperatures across
US and Canada. These models are discussed in detail in Appendix C.

To compare the existing CGSB grades with the recommended SUPERPAVE™
performance grades for different parts of Canada, a few locations across the country were
selected. The selections were based on the climatic conditions. These locations can be

classified into three categories :

e Moderate Climate - Vancouver, Toronto and N.London, PEI
e Cold Climate - Calgary, Saskatoon, Regina and Winnipeg
e Extremely Cold Climate - Yellowknife and Whitehorse

The high and low pavement service temperatures and SHRP grades required for these
Canadian cities are summarized in Table 5.17. These temperatures were calculated from
both C-SHRP and LTPP-SAPT models (Appendix C). The estimations are made for both
50% and 98% ambient temperature reliabilities. As claimed by US Federal Highway
Administration, the LTPP-SAPT model has a better prediction capabilities for the service
temperatures compared to the C-SHRP model (Mohseni 1996, Mohseni 1998) the PGs
based on the former model has been used to study the transformation from CGSB to
SUPERPAVE™ specification.



Table 5.16 : Predicted PGs from CGSB Grades

Asphalt CGSB Pen 2s:c TMeooc Service Temperature, °C PG
Grade Pa.s Thigh Tlow
Cold Lake 80/100 A 80 22856 64.6 -27.5 64-22
100 165.67 624 -29.1 58-28
Bow Valley 80/100 A 80 182.11 63.1 -24.8 58-22
100 134.15  60.9 -26.7 58-22
Redwater 80/100 B 80 115.12  59.7 -25.5 58-22
100 88.92 57.8 -26.2 52-22
Cold Lake 120/150A 120 12736  60.5 -30.5 58-28
150 92.32 58.1 -32.2 58-28
Bow Valley 120/150 A 120 10450 59.0 -28.3 58-28
) 150 76.98 56.7 -30.2 52-28
Redwater 120/150B 120 72.00 56.1 -27.0 52-22
150 55.62 54.0 -28.2 52-28
ColdLake 150/200A 150 92.32 58.1 -32.2 58-28
200 60.97 54.8 -34.1 52-34
Bow Valley 150/200A 150 76.98 56.7 -30.2 52-28
200 51.91 53.5 -32.5 52-28
Redwater 150/200B 150 55.62 54.0 -28.2 52-28
200 39.87 512 -29.7 -*
Cold Lake 200/300 A 200 60.97 54.8 -34.1 52-34
300 33.97 49.8 -36.1 46-34
Bow Valley 200/300B 200 5191 53.5 -32.5 52-28
300 29.79 48.6 -35.0 46-34
Redwater 200/300C 200 39.87 51.2 -29.7 -
300 24.94 47.0 -31.7 -
Cold Lake 300/400 A 300 33.97 49.8 -36.1 46-34
400 22.44 46.0 -37.2 46-34
Bow Valley 300/400B 300 29.79 48.6 -35.0 46-34
400 20.09 449 -36.4 -
Redwater 300/400C 300 24.94 47.0 -31.7 -
400 17.87 437 -329 -

* The material cannot be graded as per performance grade.
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C-SHRP (50%Rel) |C-SHRP (98%Rel)|[LTPP (50% Rel) |LTPP (98% Rel)
Location 1 YAl 1 2 1 2 1 2
Vancouver |41.8-7.6 |46-NA |44.7-14.5 |46-NA [45.8-89 [46-NA [54.4-16.0 |58-16
Toronto  |49.3-213 [52-22 [54.8-26.3 [58-28 |[51.7-18.3 |[52-22 |62.4-24.3 [64-28
NLondon |45.6-23.0 [46-28 [47.8-28.2 |52-34 [48.8-20.8 [52-22 [56.7-26.8 |58-28
Saskatoon  |47.4-333 |52-34 |50.5-40.6 |52-46 |50.5-31.6 |52-34 |59.2-39.0 |64-40
Regina 48.0-342 |52-40 [52.5-41.3 |58-46 [50.9-31.6 [52-34 |60.8-38.9 |64-40
Calgary  [|44.9-29.0 |46-34 |48.3-359 [5240 (48.4-27.6 |52-28 |57.3-34.8 |58-40
Winnipeg  [48.2-31.6 [52-34 [51.8-36.7 {5240 [51.1-29.3 [52-34 |60.1-35.3 |64-40
Whitehorse |38.9-38.5 [NA-40 |43.0-45.0 [46-46 [44.3-39.6 [46-40 [53.8-46.6 [S8-NA
Yellowknife |36.9-38.5 [NA-40 |40.6-42.9 |46-46 [42.9-40.6 [46-46 [52.1-46.4 |S8-NA

* Service temperatures requirement, mentioned as Thign - Tiow ** Performance Grade

5.8.3 Transformation from CGSB to SHRP grade

5.8.3.1 Moderate Climate

The CGSB grade requirement for the cities with moderate climate is 80/100. ‘A’ grade
paving asphalts are prescribed in Toronto and N. London whereas ‘C’ grade asphalt is

allowed to be used for Vancouver.

Toronto and N. London, PEI At ambient temperature “reliability” of 50%, the required
PG as per SAPT algorithm is PG 52-22. On comparing the required SHRP grades for
these cities with the expected SHRP grades for the CL and BV asphalts confirming to the
CGSB grade 80/100 A, it may be concluded that the performance desired for this
temperature “reliability” can be achieved by these materials. Even 80/100 B grade

material prepared from these crudes are capable of providing that service.
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For 98% temperature “reliability”, the PGs evaluated as per SAPT model for Toronto and
N. London are PG 64-28 and PG 58-28 respectively. PG 64-28 grade cannot be prepared
from the crude oils used in this study. Only softer Cold Lake asphalt (Pen = 100) can

provide service for N. London for this “reliability”.

This observation seems to be very conservative when the actual pavement temperatures
calculated as per SAPT algorithm and the expected services from the prescribed CGSB
grades are compared. The low pavement temperature for Toronto based on 98%
“reliability” of ambient temperature is -24.3°C. The harder BV asphalt (Pen ~ 80), which
provides worst low temperature performance among the above-mentioned asphaits, can
be used for the low temperature service requirement down to -24.8°C. When this material
is graded as per SHRP specification, it is considered to be fit for application till -22°C
only and hence cannot be used for Toronto for desired “reliability” of 98%. The wide
temperature difference of 6 degrees between two SHRP grades makes the requirement
more stringent. Because of this, even the better quality asphalt can be graded as low
“reliability” material.

For 98% temperature “reliability”, the PGs evaluated as per C-SHRP model for Toronto
and N. London are PG 58-28 and PG 52-34 respectively. Only softer Cold Lake asphalt
(Pen =~ 100) can provide service for Toronto for this “reliability”. The CGSB grade
80/100 A will fail to provide service offered by PG 52-34 grade required for N. London.
The CGSB 150/200 A grade Cold Lake Asphalt material can be used for this service.

Vancouver Asphalt samples of low quality, 80/100 C, are allowed to be used in the city of
Vancouver. Since the residue obtained from the worst material used in this work,
Redwater crude is of better quality, it is difficult to comment on the “reliability” of
80/100 C material. As per SAPT algorithm, PG 46-10 can provide service with 50%
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“reliability” but there is no such grade in SHRP specification. For the SHRP grade
confirming to high temperature of 46°C, the highest low pavement temperature is -34°C.
It is advisable to introduce more grades with higher low pavement temperatures.

CGSB 80/100 A asphalt sample prepared from CL and BV crude oils can provide the
service required for 98% temperature “reliability” whereas CGSB 80/100 B asphait
prepared from RW will fail to provide that service. Hence, it can be concluded that lower
CGSB grade (80/100 C) cannot be used for the higher temperature “reliability”.

5.8.3.2 Cold Climate

The CGSB grade requirement for the cities with cold climate is 150/200 A. The asphalts
of this grade have been prepared from Cold Lake and Bow Valley crudes.

Winnipeg. Saskatoon and Regina As per SAPT model, the required PGs for the ambient
temperature “reliability” of 50% and 98% are PG 52-34 and PG 64-40 respectively. The
requirement for 50% reliability is same if estimated using C-SHRP model. Except for
softer CL asphalts (Pen = 200), no other specimens which conform to 150/200 A, can
provide the service even for 50% ambient temperature “reliability”. The asphalt will fail
to provide the low temperature service.The comparison of actual low temperature
requirement and expected service from these asphalts shows that all material barring BV
asphalts of Pen = 150 can provide the service with 50% “reliability”. The PGs
requirement for 98% “reliability” estimated by C-SHRP model cannot be met by this
grade material.

Calgary The City of Calgary recommends use of 150/200 A grade paving asphalt. Any
asphalt sample prepared from CL and BV crudes in this penetration range, is expected to
provide the service with 50% temperature “reliability” for both SAPT and C-SHRP
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model. The low temperature service desired for 98% temperature “reliability” cannot be

provided by the asphalts prepared from the oils used in this study.

5.8.3.3 Extremely Cold Climate

Softer material confirming to CGSB grade 200/300 A is used for places like Whitehorse
and Yellowknife. The required SHRP grade estimated by SAPT model for Yellowknife is
PG 46-46 for 50% “reliability”. PG 46-40 will be required for Whitehorse for this
“reliability”. The expected low service temperature for these places for 98% reliabity is
lower than -46°C which is the lowest limit for any performance grade. Hence, it is not
possible to classify the required material under statutory performance grade. The high
temperature service is s achievable from the currently used CGSB grade but no material
prepared from the crude oils used in this work is capable of providing the required low

temperature service.

Similar to SAPT model, the PGs required as per C-SHRP model for Yellowknife and
Whitehorse for either 50% or 98% “reliability” cannot be provided by the curently used
asphalts.

(Note : Experimental results for the empirical and performance-based characterization of
the prepared asphalt samples are compiled in Appendix E)
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CHAPTER 6
Rheological Characterization

In this chapter, rheological characterization of the selected asphalt samples has been done
based on elaborate rheological measurements. Two asphalt samples, which are predicted
to provide different performance as per SUPERPAVE™ specification in the previous part
of study, were selected to investigate the differences in their rheological behavior.

Asphalt, according to the majority of authors and experimental evidence, is a
multidisperse micellar system (Yen, 1982, Speight and Long, 1982). The study of its
internal structure is difficult because of its high viscosity and the complexity of its
components. The most of studies are done in a solvent, which depending on its type,
inadvertently changes the asphalt structure. The results of tests conducted on such diluted
materials contribute considerably to our knowledge of the material which are however not
sufficient enough. Thus, if one can find a less invasive method, which does not rely on
dissolution of a sample, one can obtain additional information about the real internal
structure of asphalt. In this part of the study, an attempt has been made to use the
rheological characterization of asphalts for a study of their molecular weight distribution.

6.1 Linear Viscoelasticity
6.1.1 Viscoelastic Behavior

To understand mechanical property of any material it is necessary to know its stress-strain
or rate of strain behavior which tells how a material will deform when load is applied on
it. In characterizing the stress-strain behavior in the laboratory, the simple test methods
are shear and extension/flexure tests. The creep, stress relaxation and dynamic loading are
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three different modes of loading. Such tests may be conducted under a constant stress,
constant strain, gradually increasing stress or gradually increasing strain.

Materials for which the stress-strain relationship is linear and the response is immediate,
are known as elastic solids. After removal of stress, the deformation is recovered and the
material regains its original shape. On the other hand, Newtonian fluids exhibit a linear
relationship between stress and the rate of change of strain. In these materials, the
deformation cannot be recovered even after removal of load. Materials such as asphalts,
which exhibit both elastic and viscous behavior are called viscoelastic. In these materials

only a part of deformation is recovered on removal of load.

6.1.2 Linear Viscoelastic Behavior

The elastic, viscous and viscoelastic behavior discussed above relate to linear behavior. In
a simplified picture of the linear behavior, the deformation at any time and temperature is
directly proportional to the applied force. Non-linear viscoelastic response is extremely
difficult to characterize in the laboratory and to apply to engineering problem
(Christensen 1992). The constitutive equations for the non-linear viscoelastic behavior
are very complicated and difficult to solve (Rudraiah and Kaloni 1986).

For these reasons, in this work, characterization of the asphalt has been considered only

for linear viscoelastic region.
6.2  Rheological Properties/ Viscoelastic Functions
From the three common loading modes (creep, stress relaxation, dynamic testing) and the

two general geometries (shear and extension/flexure), there are six commonly used linear

viscoelastic functions (Ferry 1980, Petersen et. al. 1994b) :
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Creep compliance in shear, J(t)

Creep compliance in extension or flexure, D(t)

. Relaxation modulus in shear, G(t)

. Relaxation modulus in extension or flexure, E(t)

Dynamic complex modulus in shear, G*(w)

I R S

Dynamic complex modulus in extension or flexure, E*(®)

Various other viscoelastic functions like dynamic viscosity, dynamic complex compliance
etc. can be defined through the dynamic complex modulus.

62.1 Dynamic Mechanical Analysis

In the most common method of dynamic mechanical analysis, a sinusoidal strain is
applied to a specimen, and the resulting stress is monitored as a function of frequency.
The material function in such an experiment is the complex modulus G*(®) or the
complex viscosity n* = G*(@)/ie. In a strain controlled testing, the complex modulus is

computed using the following equation:
G*(0) =t*(0)/r*() (6.1)

where t*() is the complex shear stress response, Pa, and

¥*(®) is the complex shear strain, m/m

In reporting the results of dynamic mechanical analysis, three other functions are used :
the storage modulus G’(®), the loss modulus G*’() and the phase angle 5(w). These
functions are related to the complex modulus and can be computed by following

equations,
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G' (@) =|G*(w)|cosd(w) (6.2)
G" (@) =|G*(@)Isiné(@) (6.3)

The storage modulus represents the in-phase component of the complex modulus while
the loss modulus represents the out-of-phase component of the complex modulus. They
are named so as the storage modulus characterizes the elastic or recoverable part of the

complex modulus whereas the loss modulus represents the viscous or non-recoverable

part.

In strain controlled dynamic testing, the phase angle §(w) indicates the lag in the stress
response compared to the applied strain. For stress controlled experiment, 5(co) represents
the lag in the strain response compared to the applied stress. For purely elastic materials,
the phase angle will be zero, whereas for purely viscous materials, the phase angle will be
90°. Thus, the phase angle is an important parameter for describing the viscoelastic

properties of materials such as asphalt. The phase angle is calculated as follows,

tané‘(w)=%(-(-a%)- 6.4)

The complex modulus can be expressed in the following two form of any complex

function:

G* (@) = |G * ()| exp|id(@)] (6.5)
or
G* (@) =G (w)+iG"(w) 6.6)
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6.2.2 Linear Viscoelastic Models

It is often desirable to describe the material function, G* in our case, in the form of a
model which can describe the rheological properties of the material. Since the mechanical
response of asphalt, like other viscoelastic materials, is a function of time and
temperature, an infinite number of loading conditions and responses constitute its overall
behavior. In some situations, it is necessary to know the response of an asphalt sample at
loading frequency and temperatures different from those on which directly measured data
are available. Mathematical models allow such calculations to be made directly and
quickly in a repeatable fashion. Furthermore, the mathematical model can be used for

approximate conversions from one viscoelastic function to another.

Maxwell model is the perhaps the most common model for complex modulus. The model

is extensively used for the polymers and other viscoelastic materials. The model is,

- g oA,
G* (o)=Y 2+—¢ 6.7)
(@) ,‘z_ll-fiwﬂ.,‘ (

where A are the relaxation times and gy are the weighing factors.

Stastna et. al. (1996) and Zanzotto et. al. (1996) have used following fractional model in
rheological characterization of asphalts,

m n-m

l—[(l +iop,)
G*(w) =ion| +——— (6.8)

n

[Ta+ie,)
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where 1, is the zero shear rate viscosity,

Ao M, are the relaxation times and m<n

In this study both of these models have been used for the characterization of asphait.

6.2.3 Time-Temperature Superposition

One of the primary analytical techniques used in analyzing the dynamic mechanical data
for the viscoelastic materials involves construction of master curves for the complex
modulus and phase angle. In constructing such master curves, the time-temperature
superposition principle is used (Ferry 1980). In oscillatory experiments, the dynamic data
are first collected over a range of temperatures and frequencies. A reference temperature
is selected. The data at all other temperatures are then shifted with respect to time until
the curves merge into a single smooth function. The advantage of this exercise is that we
can have a master curve for the material at a certain temperature over a wide range of

deformation or frequencies which is otherwise not possible to determine experimentally.

The amount of shifting required at each temperature to form the master curve is of special
importance, and is called the shift factor, a(T). A plot of logarithmic of a(T) versus
temperature is generally prepared in conjuction with the master curve. This type of plot
gives an indication of how the properties of a viscoelastic material changes with
temperature. The master curve at a reference temperature can be shifted to get master
curve at any other temperature from the relationship between a(T) and temperature. The

shifted frequency, frequency multiplied by a(T) is termed as the reduced frequency.

For asphalts, the relationship between a(T) and T is generally expressed by Williams-
Landel-Ferry (WLF) equation (Williams et. al. 1955) or by Arrhenius type relationship
(Christensen 1992).
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WLF Equation
loga(T) = e Ll 6.9
BT, +(T-1) 69)

where C; ans C, are empirically determined coefficients and Ty is the reference

temperature.

Arrhenius Type Relationship

| Ef1 1
oga(T)=T T T, (6.10)
d

Where E, is the activation energy for the flow and R is the ideal gas constant.

6.3  Molecular Weight Distribution from Rheological Measurements

It is known that the rheological properties of viscoelastic materials such as polymers are
strongly dependent on molecular weight (Ferry 1980). Generally it is possible to invert
such a relationship and obtain the molecular weight distribution (MWD) from the
measured material functions. Considerable efforts have been made developing procedures
for determination of MWD for polymeric materials based on rheological measurements
(Peticolas 1963, Wu 1984, Tuminello 1986, Tuminello 1987, Wu 1988, Paula and Dealy
1996, Lavallee and Berker 1997). Even though there are well established techniques for
determining molecular weight distribution i.e. size exclusion chromatography (SEC),
researchers have strived to develop alternate methods. This is because SEC requires a

dilute solution and making such solutions is not always practical. Notable examples are
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poly-tetrafluoroethylene and other copolymers of this family. A few solvents have been
found for these polymers, but the extreme temperatures required make their use
impractical. In the case of asphalt, its internal structure can be changed by the dilution
and the molecular weight distribution obtained from such experiment may not reflect the
state of material in individual form.

Many of the techniques used for the rheological characterization of asphalt were
originally developed for polymers. The polymers are the well studied materials for which
rheological properties match to some extent with asphalts. But, care should be taken in
drawing direct parallels between polymers and asphalts. There are numerous differences
between properties of asphalts and polymers. The molecular weights of commercial
polymers typically lie in the range 10,000-100,000 whereas the number average
molecular of typical paving grade asphalts is between 500 and 2,000 (Christensen 1992,
Zanzotto et al. 1996). Another difference is in the homogeneity of polymers whereas
asphalts are highly heterogenous materials and are composed of infinite variety of
molecular types. There are however some important concepts in polymer chemistry
which can be effectively applied to asphalts. For example, it is evident that as for
polymers, the molecular weight of asphalts plays an important role in determining its
physical properties, although the mechanism is probably much different from that which
is effective in much higher molecular weight polymers (Christensen 1992).

Recently Zanzotto et al.(1996) have characterize asphalts by their complex moduli and
phase angles, and determined molecular weight distribution using the following
relationship:

6(a>)=TW(M')c(M',w)dM' (6.11)
0
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where c(M,®) represents the monodisperse phase angle and W(M) is the weight
distribution function. Considering the following step form of c¢(M, ®) :

c(M,0)=[1-HM -M)] (6.12)
where H represents the Heaviside function and the frequency region () is related to the

mass region (M) by a simple power law :

M=ko™ (6.13)

where k and a are constants.

For the normalized W, it follows from Equations 6.11, 6.12, and 6.13 that

8(@)=1- ]'W(M')dM' (6.14)

M=k10™™

Denoting, x = log © and differentiating the last equation yields

10 dd

— 6.15
ak Inl10 dx (6.13)

W(M)=-

Thus, in principle, it is possible to obtain additional information about the structure of
asphalt from the study of the phase angle. The following forms of |G*| and & are
generated by equation 6.10

m }/n-m
[Taseud |
|G *(@)l=n,0|— (6.16)

[Ta+@r)")
i
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1 n m
5(m)=%-m-[zl:atan(mlk)—Zatan(mpk)] (6.17)

Calculating the limit of equation 6.16 at infinity, one obtains

%n-m)
] (6.18)

. BiboeoBg
im |G * =Gy=n,|———
m-nal (m)l N T‘O[xlkzn..}\'n

If, in asphalts as in polymers, the zero shear rate viscosity is proportional to a power of
M, then from Equation 6.18 it follows that,

Hn-m _
Gy =AM” [ﬂfi—%] =g e (6.19)

where A and b are constants. Introducing a characteristic frequency @=27n/A, we can

write

/b
M=[2"f“] oV ak(a)"‘ (6.20)

Thus, the molecular weight domain (M) is related to the frequency domain via a
transformation given in Equation 6.20. This form of equation (M ~ ™) has frequently
been used (Ferry 1980, Tuminello 1986). A very good correlation of M with frequency
for narrow-distribution polystyrenes was shown by Tuminello (1986). It can be r.loted
that Equation 6.20 leads to the known relationship no ~ M?® , which is applicable to



97

polydisperse systems (Ferry 1980, Tuminello 1986, Bird et. al. 1987). The correlation of

Mand o givenin Equation 6.20 can be written as
log M=log k —a log ® (6.21)

Zanzotto et. al.(1996) have reported o = 0.1231 and log k = 2.976 after studying 12
regular asphalts samples from vapor pressure osmometry measurements. Thus using
Equation 6.15, one can calculate W from the derivative of the phase angle, and using the
transformation Equation 6.21, the molecular weight distribution can be obtained.

The procedure used for 3(0) can also be repeated for the magnitude of the complex
modulus, |G*|. Assuming, in accordance with Tuminello (1986) , that

[IG*(X)I

b M
] =1- [wWM') dM' (6.22)
Gy o

one can again simply calculate the molecular weight distribution function as follows:

%
__10= 4 m)
W)= 0 dx|:(GN } (6.23)

Wu (1984) used G’ in place of magnitude of complex modulus in Equation 6.23 for
determination of MWD of polystyrene. The weight distribution function thus obtained is

ax bt
0= dlf G
W)= 0 &[(E:) } (6:29)
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6.4  Measurement of Complex Modulus : Experimental Work
6.4.1 Material

For the rheological characterization, samples of asphalt from Cold Lake crude oil (CL 4)
and Redwater crude oil (RW 4) were selected. Both of these samples are of Pen 200/300

grade.
6.4.2 Equipment and Experimental Procedure

Bohlin VOR Rheometer was used in this study for carrying out rheological experiments
on the selected asphalt samples. The principle of operation is that a controlled shear strain
or shear rate is applied to the sample and the resulting shear stress s monitored. Figure 6.1
shows the principal parts of the rtheometer.

Small amplitude, position controlled, angular deflection is used in the oscillation mode.
This motion is obtained through the position servo actuator with the clutch engaged. The
frequency of a digitally generated sine wave is set from the software by a programmable
divider. For the existing configuration, the frequency range used is 102 Hz to 20 Hz. The
temperature is measured by the sensor in the cryogenic oven. The normal temperature
range used is -30°C to +60°C. The temperature is controlled by liquid nitrogen and the
hot air. The torque measurement involves both the torque bar and LVDT. The choice of
torque bar determines the sensitivity, while the small angular deflections measured by the
LVDT gives the desired torque signal to the software
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The test conditions (temperature and frequency) are summarized in Table 6.1 . Parallel
plate configuration was used to apply the oscillatory shear. The diameters of the plates
selected at different temperatures are mentioned in Table 6.2.

Table 6.1 : Test Conditions

Sample Temperature, °C Frequency Range, Hz
Cold Lake -30, -20, -10, 0, 20, 40, 50, 60 0.01-20
Redwater -30, -20, -10, 0, 20, 40, 50 0.01 -20

Table 6.2 : Diameter of Plate-Plate Configuration

Temperature, °C Plate Diameter, mm  Gap Between Plates, mm
-30 6 1.5-2

-20 6 1.5-2

-10 6 1.5

0 10 1.5

20 25 1-1.5

40 25 1-1.5

50 30 1

60 30 1

6.5 Complex Modulus and Phase Angle Measurement : Results and Discussion

The measurements of complex moduli and phase angles were made for the selected
samples at various temperatures. The resuits are reported in Appendix D. The G’ and G”
for Cold Lake asphalt at various temperatures are plotted in Figure 6.2 and 6.3
respectively. The same plots for Redwater asphalt are given in Figure 6.4 and 6.5.
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6.5.1 Time-Temperature Shift

The time-temperature superposition principle explained in Section 6.4 was used to create
the master curves for the components of complex modulus and the loss tangent. This was
achieved by using a rheological software, IRIS developed by Baumgaertel, Soskey and
Winter (1987). The values of G’ and G** measured by Bohlin VOR Rheometer at various
temperatures over a range of frequency are fed to this software as the input data. The data
are then shifted manually or automatically to construct the master curve. The software
calculates the shift factors and express them with WLF and Arrhenius parameters. The
reference temperature was selected as 20°C. The shift factors for CL 4 and RW 4 are
reported in Table 6.3 and 6.4 respectively and plotted in Figure 6.6.

Table 6.3 : Shift Factors for Cold Lake Asphalt Sample

No. Temperature K log a (T)
1 243 7.21

2 253 5.35

3 263 3.92

4 273 2.65

5 293 0.00

6 313 -1.75

7 333 -2.86

The parameters of WLF equation, C; and C; for logarithmic of shift factor, log a(T) of
Cold Lake asphalt sample are 12.79 and 130.59 K, respectively. The parameters for
Redwater asphalt are 46.21 and 394.94 K, respectively. The Arrhenius equation
parameter, Eo/R for Cold Lake and Redwater asphalt samples are 21181 K and 21546 K,
respectively. The WLF equations has lower standard deviations compared to Arrhenius

equations for both samples and hence appears to be more suitable in characterizing time-
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temperature superposition for these samples. The shifted frequency which is a product of
actual frequency and a (T) is also termed as reduced frequency.

Table 6.4 : Shift Factors for Redwater Asphalt Sample

No. Temperature, K log a (T)
1 243 6.21

2 253 5.00

3 263 3.73

4 273 3.03

5 293 0.00

6 313 -2.29

7 323 -3.03

On comparison of log a(T) vs. temperature curves (see Figure 6.6) for both samples, it
can be seen that the values of log a(T) for both samples are close in the range of -20°C
(253 K) to 30°C (303 K). But a difference in the values can be seen for higher as well as
lower temperatures where the values of shift parameter are higher for CL4 compared to
that of RW4.

6.5.2 Master Curves of CL4 and RW4

The master curves for the loss modulus of CL4 and RW4 samples are made at 20°C and
plotted in Figure 6.7. The curves for both samples attain a maximum value and then the
value of G” is decreasing. The maxima are positioned on the higher frequency side of
the plot which demonstrates the behavior at lower temperatures. The peak in the master
curve for G” characterizes the glass transition stage. It can be seen from the curves that
Redwater asphalt sample approaches glass transition at lower frequency compared to
Cold Lake asphalt sample. As per SHRP testing performed in previous chapter, the
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lowest service temperature down to which RW4 sample can be used is -30°C whereas
CW4 can provide service down to -34°C. The positioning of the maxima of G” may be

attributed as a probable reason for this behavior, but it is difficult to quantify its effect.

The master curve for the storage modulus of CL4 and RW4 samples are also made at
20°C and plotted in Figure 6.8. The curves for both samples attain a maximum value at
higher frequency and G’ remains approximately constant after that. The maximum value
of storage modulus is 3.5 x 10® Pa for CL4 and 1 x 10° Pa for RW4.

The master curve for the phase angle of CL4 and RW4 samples are made at 20°C and
plotted in Figure 6.9. It can be seen from the curves that the values of § are similar for
both samples at the lower frequencies. The values of & are lower for Redwater sample at
the reduced frequencies higher than 1 x 10? rad/s. From the extrapolation of master
curves, we can see that RW4 will approach to zero phase angle at approximately 1 x 108
rad/s. CL4 will have zero phase angle at approximately 2 x 10 rad/s. The zero phase
angle signifies the elastic behavior of a material and hence it can be inferred that Cold
Lake asphalt sample will attain fully elastic behavior at higher frequency or lower
temperature compared to Redwater asphalt sample.

In SUPERPAVE™ specification, the dynamic mechanical testing is carried out at 10
rad/s. From the master curves of G’, G” and G*/ sin J, it can be observed that the
selected asphalt samples exhibit a stable behavior at this deformation rate. There is no
appreciable change in there behavior in the neighborhood of 10 rad/s. The nature of
curves are different at the higher frequency region which is the region of rapid loading
Hence, the prediction of performance for 10 rad/s may not be applicable for the rapid
loading scenario. This advocates against the testing at a single point as prescribed by
SHRP program.
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6.5.3 Comparison of DSR and VOR Results

SHRP specification prescribes the limiting value of G*/sin 3 at the test temperature as
greater than 1 kPa while carrying out the dynamic shear testing at 10 rad/s. In previous
part of our study, this parameter was measured by DSR and the test temperature obtained
for CL4 and RW4 were 55°C and 51°C, respectively. To compare the results of DSR and
VOR, the master curve for G*/ sin 8 was developed at 20°C from the |G*| and phase
angle measured by VOR. The master curve gives relationship of G*/ sin & with reduced
frequency. From WLF equations for our samples, the estimated shifting parameter, log
a(T) for CL4 at 55°C is -2.70. The same shifting parameter for RW4 at 51°C is -3.36.
Hence, actual test frequency of 10 rad/s will be reflected on reduced frequency scale as
1.98 x 102 rad/s for CL4 and 4.37 x 10°® rad/s for RW4. The value of G*/ sin 5 for CL4
and RW4 samples at these reduced frequencies are 1.2 kPa and 1.0 kPa respectively
(Figure 6.10). These results show that there is a good agreement between VOR and DSR
results. It also brings froth the adequacy of time-temperature superposition principle in

describing the rheological behaviour of material at different conditions.
6.6  Modeling of Complex Modulus and Phase Angle

The master curves for Cold Lake and Redwater asphalt samples which were developed in
the previous section, were modeled by Maxwell’s model (Equation 6.9) and fractional
model (Equation 6.10). The parameters of the Maxwell’s equation were determined by
IRIS program and are reported in Table 6.3. Cold Lake asphalt sample requires 29
parameters compared to 27 parameters required by Redwater sample. The plot of G’ and
G” from Maxwell’s equation is shown in Figure 6.11 for CL asphalt and in Figure 6.12
for RW asphalt. Excellent fits for both G’ and G” with the value of * more than 0.99
were obtained. The parameters of Equation 6.10 were determined with the help of
software -Table Curve and are reported in Table 6.3. In this case |G*| and phase angle
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were simultaneously fitted . For the simultaneous fitting of |G*| and phase angle, first the
phase angles vs. frequency data were shifted by 10'° on the x-axis by multiplying
frequency by 10'° . Then both |G*| and phase angle were plotted on the same graph on

Table-curve and the parameters of the best fit equation were determined.

The selected asphalt samples can be modeled with value of m equal to zero and hence,
the number of parameters are low. The number of parameters required is 10 for both Cold
Lake and Redwater asphalt sample. The plots of |[G*| and & were made for both Cold
Lake and Redwater sample (Figure 6.13-6.14)

Thus we can conclude that our samples can be modeled and characterized by both
Maxwell and fractional models.

Table 6.5 : Parameters of Maxwell Model

Cold Lake (CL 4) Asphalt Redwater (RW 4) Asphalt
i g A gi Ai
1 5.403 x 10’ 1.093 x 10° 7.161 x 10° 6.813 x 10°
2 3.220 x 107 5.306 x 10 1.724 x 10’ 4.725 x 107
3 7.568 x 10’ 2.576 x 107 1.919 x 10’ 3.357 x 107
4 5317 x 107 1.250 x 10°® 1.833 x 107 1.584 x 107
5 5.106 x 107 6.069 x 10 1.500 x 10’ 8.313 x 107
6 2.951 x 107 2.946 x 107 9.850 x 10° 4262 x 10*
7 1.611 x 107 1.430 x 107 6.325 x 10° 1.933 x 103
8 7.543 x 10° 6.942 x 10* 2.885 x 10° 9.380 x 103
9 1.837 x 10° 3.370 x 10 5.010 x 10° 4.906 x 10?
10 6.475 x 10° 1.636 x 107 1.036 x 10° 2.656 x 107!
11 1.024 x 10° 7.940 x 102 1.787 x 10* 1.572
12 4.505 x 10* 3.854 x 107! 2.058 x 10° 1.256 x 10!
13 3.578 x 10° 1.871 1.980 x 10> 1.226 x 10?
14 2.466 x 10° 9.082
Gy, Pa 3.5 x10° 1 x10°
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Cold Lake (CL4) Asphalt Redwater (RW4) Asphalt

i Ai Ai

1 1.486 x 107 2.824 x 10°
2 2.558 x 10 4.676 x 107
3 1.110 x 10° 1.097 x 107
4 8.520 x 10* 7.470 x 107
5 2.279 x 10* 3.655 x 107
6 2.342 x 10° 5.466 x 10™
7 1.014 x 10? 1.622 x 102
8 5.553 x 107! 3.536 x 10°!
9 5.081 x 10 7.856 x 10!
No» Pas | 8.277 x 10° 1.760 x 10°

6.7  Molecular Weight Distribution (MWD) : Results and Discussion

The possibility of calculating molecular weight distributions of regular asphalts from
dynamic rheological data is investigated in this study. The distributions determined for
Cold Lake and Redwater asphalt samples using rheological methods are compared with
the size exclusion chromatography (SEC) results. The SEC results were obtained from
Dr. Susanna Ho, Bituminous Material Laboratory, The University of Calgary. The results
for Cold Lake asphalt are plotted in Figure 6.17 and that for Redwater asphalt are shown
in Figure 6.18.

It is evident from the results that there is almost no agreement between the MWDs
obtained from the rheological measurements and the SEC results. When the figures with
the MWDs of the two asphalt samples are inspected and compared with the MWD from
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SEC, two distinct features are apparent. First, when the width of the molecular weight
distributions from rheological method is compared with the molecular weight distribution
from SEC, one can see a difference. The widths given by rheological methods are
significantly lower than the width obtained by SEC. In the region of high molecular
weight, as per SEC, approximately 5% to 10% of the material has molecular weight
higher than 4000. The distributions obtained from rheological measurements do not
show any significant presence of material of molecular weight higher than 3000. Unlike
SEC, rheological methods do not give a longer tail in the high molecular weight region.
In the region of low molecular weight, the distributions obtained by rheological

measurements appear to be shifted towards the lower end compared to SEC data.

The second difference can be seen in the position and number of peaks in the molecular
weight distributions obtained by different methods. SEC results show that the
distributions for both samples are basically unimodal. The position of peak is at around
700-900 molecular weight. A plateau can be seen in the high molecular weight region.
The distributions obtained by phase angle using fractional model and G’ using Maxwell
model are multimodal. The distribution for Redwater asphalt obtained by |G*| is of
unimodal nature whereas the same for Cold Lake asphalt has two modes in close vicinity.
The position of highest peak for |G*| and 5 are nearly the same, but the position appears -
to be shifted compared to the location of peak for SEC data.

To position the distribution curves obtained from different rheological properties, the
calibration parameters of Zanzotto et. al.(1996) were used. An attempt was made to
match the distribution obtained by |G*| measurement with SEC data by changing these
parameters. The results are shown in Figure 6.19 for Cold Lake asphalt and in Figure 6.20
for Redwater asphalt. It can be seen from the figures that it is possible to match the
position of the peak and peak height up to a great extent, but it is not possible to obtain
the broad width as in SEC data.
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On comparison of molecular weight distributions obtained by G’, |G*| and phase angle, it
can be observed that these distributions have similar widths. Zanzotto et. al. (1996) have
found that for asphalt, the phase angle is more sensitive to molecular weight compared to
other rheological properties used in the study. It is difficult to explain the presence of
multimodes in the curve obtained from phase angle - whether it is artifact of the
mathematical model used or it is a better representation of the internal structure of
asphalt.

In molecular weight distribution obtained from rheological properties, the region of high
molecular weight is obtained by the measurements at higher temperatures. The lower tail
in high molecular weight region in the distribution curve can be attributed to various
factors - inadequacy of the plate-plate configuration used in our rheometer for
measurements at higher temperature, the inability of the model used to describe the
properties in that region or dissociation of the loosely held high molecular weight

associates by oscillatory deformations.

These observations raise more questions than providing the answers. Most studies of the
composition and structure of asphalts are done using solvents, which changes the
structure of the potential associates created either by the highest molecular weight
components or the most polar components of these materials. Thus, molecular weight
distribution obtained from SEC do not necessarily represent the structural conditions of
the undiluted asphalt.

Researchers like Wu (1988), Tuminello (1986), Paula et. al. (1996) have obtained the
molecular weight distributions for different polymers from the rheological properties.
These distributions show a fair agreement with chromatography data. Our study is based
on the fact that asphalt exhibits a similar rheological behavior as polymers. But asphalt
has completely different internal structure compared to polymers. Unlike polymers,
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asphalt has a large number of dissimilar constituents held together with different kind of
chemical and physical bonds. The stark difference in the internal structure of asphalt and
polymers may be attributed to the failure of rheological measurements to give molecular
weight distribution similar to that obtained by SEC. It may also demonstrate that the
internal structure of asphalt, which impacts on its rheological behavior is very different
than is shown by molecular weight distribution of highly diluted materials. The molecular
structure may be dissolved, or created by the impact of solvent.
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Conclusions and Recommendations

Conclusions

The main objective of the study was to evaluate the impact of the transition from the
present empirical asphalt specifications to new SUPERPAVE™ performance testing on
Canadian asphalt industry.

In the following, the findings are summarized on some aspects of the transition and
rheological testing of asphalt :

e When comparing asphalt materials prepared in this study with other bituminous
fractions, it can be concluded that at higher temperatures (40°C and above) their
behavior is similar. A double log correlation used by other researchers to describe the

dependence of bitumen fractions on temperature applies also to asphalt.

o The following are the findings of an attempt to correlate the parameters in the present
specification (CGSB) and SUPERPAVE™ specification :

¢ The highest allowable service temperature to which asphalt binder can be
exposed during its service life as measured by the SUPERPAVE™ parameter
G*/sin  correlates w1th the viscosity at 60°C used in the present specification.
A single correlation is applicable for asphalt binders prepared from different
crude sources. However, grades based on viscosity at 60°C in present
specifications do not correlates with the grades in SUPERPAVE™

specification, based on the high service temperature parameter.
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¢ The correlation between the penetration at 25°C from the present specification
and the parameter for the lowest allowable service temperature to which
asphalt binder can be exposed during the service life as measured by the
SUPERPAVE™ parameter °S’ (stiffness parameter) is considerably poorer

and the correlation depends on the crude oil source.

¢ A crude-source independent correlation was developed to predict the lowest
allowable service temperature temperature based on a function which includes
both viscosity measurement at 60°C and penetration measurement at 25°C. It
can be used to find where to start with the stiffness measurements for asphalt

(penetration test is less labor intensive than stiffness measurement).

From the above, it is clear that there is no direct relationship between the existing
conventional specifications and the SUPERPAVE™ specification. Thus, materials
conforming to the same CGSB grade can be graded differently by
SUPERPAVE™ specification.

e Capability of conventional (regular) asphalts to meet SUPERPAVE™ requirements in
Canadian climate :

¢ The determination of highest and lowest service temperatures across Canada
was performed using LTPP-SAPT and C-SHRP models, for both 50% and
98% “reliability” as described by SUPERPAVE™. It appears, that for 98%
reliability the LTPP-SAPT model has more stringent requirements. The

SUPERPAVE™ low service temperature requirements for some areas in
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Canada, as expected, leads to grades, which are extreme and presently, in the

most severe cases, probably non-existent.

¢ Conventional asphalts prepared by straight distillation of Canadian crude oils
can not meet the requirements of SUPERPAVE™ specification in places
where the low pavement design temperature is below -37°C. That applies even

for the conventional asphalts with best low temperature behavior.

¢ The requirements of the currently used CGSB grades for most of the selected
Canadian locations a:re more stringent at high temperatures than grades
required ‘by SUPERPAVE™. The impact of these lower requirements of
SUPERPAVE™ specification on rutting will have to be found from service
trials.

¢ Overall, the presently used CGSB grades of asphalt provides the service to
meet the SUPERPAVE™ requirements at 98% “reliability” calculated
according to LTPP-SAPT and C-SHRP models in cities with moderate climate
like Toronto and N. London and in eastern and western coastal areas of
Canada. The high quality conventional asphalt are capable of meeting the
SUPERPAVE™ spec'iﬁcation requirements at 50% reliability in the area
representing the belt along with the US border. No conventional asphalt meets

the low temperature requirements in northern part of Canada

¢ From comparison of the SUPERPAVE™ specification requirements with Canadian

climatic conditions the following can be concluded
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¢ In some areas the climatic requirements are such that adequate
SUPERPAVE™ grades do not exist. Such areas are that of extremely mild
climate i.e. Vancouver where according to C-SHRP at 98% “reliability” a
grade 46-16 would be required, and in areas of extremely cold climate
(Whitehorn), where according to C-SHRP 50% “reliability” requirement grade
40-40 and according to LTPP-SAPT 98% “reliability” requirement grade
58-52 would be needed. These grades are not defined in SUPERPAVE™.

¢ The temperature difference of 6°C for grading is very wide. This makes the
service requirements very conservative and even material of adequate
properties can be rejected. The local requirements, before these are

transformed into official grades, have to be taken into account.

The characterization based on SHRP testing shows that the paving asphalts derived
from Cold Lake crude oil will provide better performance compared to asphalts
derived from Redwater oil. The detailed rheological characterization from dynamic
mechanical analysis for the selected Cold Lake and Redwater asphalts reveals that
Cold Lake asphalt has higher maximum storage modulus compared to Redwater
asphait. Cold Lake asphalt will attain glassy modulus at a lower temperature as
compared to Redwater asphalt. The shift factors for time-temperature superposition
for the selected Cold Lake asphalt is higher than that of Redwater asphalt for
temperatures lower than -20°C and higher than 30°C.

The measurement of G*/ sin § parameter at a single point loading in SUPERPAVE™
specification may not be adequate to completely describe the rheological behavior of
asphalts.
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e The molecular weight distributions for selected Cold Lake and Redwater asphalt
samples determined from the rheological measurements do not show an agreement
with SEC results. As both of these methods have there own limitations for
determining the molecular weight distribution for the complex multidisperse micellar
system like asphalt, it is difficult to comment on the supremacy of any of these

method over other.

Recommendations

The conventional paving asphalts cannot provide the service required with higher
reliability in the region along the US border and service even with lower reliability in the
Northern part of Canada. For the selection of paving asphalt grades, each region should
calculate exact required grade and compare it with available asphaits. Also, experience of

field engineers have to be used to find reasonable compromises.

The temperature range of 6°C in a PG grade is very wide and it should be reduced. More
higher low temperature grades should be introduced for the SUPERPAVE™ grade
conforming to high temperature of 46°C.

A number of questions are still left unanswered, and only further work in this area will
put them to rest. First, the results of characterization based on empirical and performance
tests can only be applied to the asphalts prepared from Cold Lake, Bow Valley and
Redwater crude oils. More work is required on other crude oils to validate and generalize
the findings of our study.
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A second area may be the rheological characterization of paving asphalts at different
loading and temperatures. A detailed work will help in understanding the behavior of

paving asphalts and reasons for the pavement failures.

Another area which requires further investigation is the determination of molecular
weight distribution from rheological measurements. More rheological and
chromatographic measurements are required before this method is established as an

important tool for the study of internal structure of asphalts.
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APPENDIX - A
Paving Asphalt Specification Systems

A.1 Penetration-Based ASTM Specification

The standard specification for penetration-graded asphalt for use in a pavement
construction is described in ASTM D946. The requirements for various penetration
grades of asphalts are mentioned in Table A.1.

A.2 Canadian General Standards Board (CGSB) Specification

Paving asphalts are classified in the following penetration grades and groups in CGSB
specification :

Penetration Grade

60-70 80-100 120-150
150-200 200-300 300-400

Temperature Susceptibility Group

Group A - Includes asphalts which have a high viscosity at 60°C and at 135°C (for a
given penetration at 25°C)

Group B - Includes asphalts which have a medium viscosity at 60°C and at 135°C (for a
given penetration at 25°C)
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Group C - Includes asphalts which have a low viscosity at 60°C and at 135°C (for a given

penetration at 25°C)

The asphalt sample shall comply with the requirements prescribed in Table A.2,
according to penetration grade.
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APPENDIX -B
Atmospheric Equivalent Temperature
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The following correlation (Zaman 1996) is used for the conversion of temperature at vacuum to

atmospheric equivalent temperature (AET) for vacuum distillation of crude oils :

_76723-log)o P
341077

5 748.14

AET=7 -491
9| 1/(18T +4916) +02145 4- 0.0002867

where,

P Pressure, mmHg

T Temperature, °C

AET Atmospheric Equivalent Temperature, °C

B.1)

(B.2)
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APPENDIX - C
Models for Estimation of Low and High Pavement Temperature

SHRP binder selection procedure used in SUPERPAVE™ is based on asphalt Performance
Grades (PG). The selection of PG for a particular site is based on low and high pavement
temperature. The models for the estimations of low and high pavement temperature are SHRP,
Canadian SHRP (C-SHRP) and Long Term Pavement Performance Seasonal AC Pavement
Temperature (LTPP-SAPT or simply SAPT) model. Each model utilizes two different equations
to estimate low and high pavement temperature.

C.1 SHRP Model

SHRP model considers the low air temperature as the design low pavement temperature. An

equation was developed by SHRP for the change in temperature with depth (d) which is,

Ta(ow) = (Tair - 0 Gair ) + 0.051 d - 0.000063 d? (C.1H
where T4(low) = Low pavement temperature at depth, °C

Tair = Air Temperature, °C

d = Depth, mm

n = No. of standard deviation lower than temperature

Gair = Standard deviation of the air temperature

The low temperature is calculated based on the lowest air temperature during the year. On the
pavement surface, the design temperature is same as air temperature. The term ‘n times Gair’
accounts for the reliability of the selected ambient temperature.

High pavement temperature in SHRP binder selection procedure is calculated from the highest
seven day average air temperature during the year and geographical location. The model was
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developed from theoretical heat transfer models. Several sites throughout the US were considered

and a regression model was developed from the data. The model is shown in Equation C.2.

T(high) = [(Tair + 0 Gair )- 0.00618 Lat® + 0.2289 Lat +24.4] [1 - 0.063 d +
0.007 d? - 0.0004 d°] (C.2)

where Ty(high) is high pavement temperature at depth, °C , depth ‘d’ is measured in inches and

the other symbols are same as for Equation C.1.
C.2 C-SHRP Model

The SHRP model was developed from the data collected over several locations in US. Because
of largely colder climate in Canada, the low temperature SHRP model was found to be
inadequate. A new model, C-SHRP was developed from the Canadian data. The model is as

follows :
Ty¢(low)= 0.859 (Tair -0 Gy ) + [0.002 -0.0007 (Tair -n Gair )]d + 0.17 (C.3)
The symbols are same as in Equation C.1.

C-SHRP uses the same equations as in SHRP model for the estimation of high pavement

temperature.
C.3 LTPP-SAPT Model

A new model for estimation of low and high pavement temperature has been developed by US
Federal Highway Administration using data available from Long Term Pavement Seasonal
Monitoring Program (LTPP-SMP) after evaluation of both SHRP and C-SHRP models. In this
program, two years of field data for different stations throughout US and Canada was used to
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verify the existing models and improved models for SUPERPAVE™ binder selection were

developed. The equations developed for low and high pavement temperature are -

T4 (low) =-1.56 +0.72 Ty - 0.004 Lat® + 6.264 log(d+25) -
n (4.4 +0.52 (0air )*)*° (C.4)

Tq (high) = 54.32 + 0.77585 (Tair + 0 Gair) - 0.002468 Lat -
[ 15.137 log(d+25) ] + n Gpav (C.5)

where Gpq is the standard deviation of the calculated pavement temperature which same as
RMSE of the model. The value of Gy is 3.0 for the high pavement temperature model.
The other symbols used in these equations are same as in Equation C.1 and C.2. Depth is

measured in mm.

In this study, the service temperatures for different locations are calculated at the pavement
surface using C-SHRP and LTPP SAPT models.



APPENDIX D

Complex Modulus Data

Table D.1 : Complex Modulus for Cold Lake Asphalt Sample @ -30°C

No. Frequency, Hz G, Pa G",Pa
1 0.01 1.93e+08 7.80e+07
2 0.03 2.59e+08 7.88e+07
3 0.05 2.90e+08 7.64e+07
4 0.08 3.16e+08 7.63e+07
5 0.10 3.29e+08 7.35e+07
6 0.20 3.59e+08 6.54e+07
7 0.40 3.93e+08 5.89e+07
8 0.60 4.08e+08 5.46e+07
9 0.80 4.19e+08 5.08e+07
10 1.00 4.26e+08 4.81e+07
11 2.00 4.53e+08 4.07e+07
12 4.00 4.73e+08 3.00e+07
13 6.00 4.78e+08 2.25e+07
14 8.00 4.83e+08 1.60e+07
15 10.00 4.83e+08 1.31e+07
16 15.00 4.86e+08 3.62e+06
17 20.00 4.83e+08 5.45e+06

Table D. 2 : Complex Modulus for Cold Lake Asphalt Sample @ -20°C

No. Frequency, Hz G, Pa G",Pa
1 0.01 3.06e+07 2.56e+07
2 0.03 5.11e+07 3.46e+07
3 0.05 6.47¢+07 3.99e+07
4 0.08 7.80e+07 4.45e+07
5 0.10 8.44e+07 4.54e+07
6 0.20 1.09¢+08 5.00e+07
7 0.40 1.32¢+08 5.46e+07
8 0.60 1.49e+08 5.68e+07
9 0.80 1.61e+08 5.77e+07
10 1.00 1.69e+08 5.80e+07
11 2.00 1.96e+08 6.00e+07
12 4.00 2.29e+08 5.87e+07
13 6.00 2.42e+08 5.62e+07
14 8.00 2.54e+08 5.30e+07
15 10.00 2.61e+08 5.15e+07
16 15.00 2.72e+08 4.74e+07
17 20.00 2.82e+08 4.24e+07
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Table D.3 : Complex Modulus for Cold Lake Asphalt Sample @ -10°C

No. Frequency, Hz G', Pa G",Pa
1 0.01 2.83e+06 491e+06
2 0.03 6.64e+06 8.65e+06
3 0.05 9.57e+06 1.11e+07
4 0.08 1.29e+07 1.39e+07
5 0.10 1.51e+07 1.52e+07
6 0.20 2.22e+07 1.98e+07
7 0.40 3.20e+07 2.57e+07
8 0.60 3.92e+07 2.97e+07
9 0.80 4.45e+07 3.21e+07
10 1.00 4.96e+07 3.45e+07
11 2.00 6.72e+07 4.21e+07
12 4.00 8.72e+07 4.88e+07
13 6.00 1.02e+08 5.24e+07
14 8.00 1.13e+08 5.43e+07
15 10.00 1.19e+08 5.52e¢+07
16 15.00 1.34e+08 5.73e+07
17 20.00 1.45e¢+08 5.71e+07

Table D.4 : Complex Modulus for Cold Lake Asphalt Sample @ 0°C

No. Frequency, Hz G, Pa G", Pa
1 0.03 3.96e+05 7.94e+05
2 0.05 6.51e+05 1.26e+06
3 0.08 1.08e+06 1.97e+06
4 0.10 1.37e+06 2.19e+06
5 0.20 2.27e+06 3.38e+06
6 0.40 3.75e+06 5.09e+06
7 0.60 5.09¢+06 6.49¢+06
8 0.80 6.14e+06 7.51e+06
9 1.00 7.07e+06 8.30e+06
10 2.00 1.11e+07 1.18e+07
11 4.00 1.69e+07 1.60e+07
12 6.00 2.13e+07 1.88e+07
13 8.00 2.47e+07 2.08e+07
14 10.00 2.81e+07 2.26e+07
15 15.00 3.48e+07 2.56e+07
16 20.00 3.99e+07 2.74e+07
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Table D.5 : Complex Modulus for Cold Lake Asphalt Sample @ 20°C

No. Frequency, Hz G, Pa G",Pa
1 0.05 3.67e+03 1.79e+04
2 0.08 6.67e+03 2.82e+04
3 0.10 8.12e+03 3.35e¢+04
4 0.20 1.61e+04 5.85e+04
5 0.40 3.12¢+04 1.03e+05
6 0.60 4.58e+04 1.43e+05
7 0.80 5.96e+04 1.79e+05
8 1.00 7.33e+04 2.12e+05
9 1.60 1.10e+05 3.06e+05
10 2.00 1.36e+05 3.64e+05
11 4.00 2.57e+05 6.10e+05
12 6.00 3.71e+05 8.18e+05
13 8.00 4.85e+05 1.01e+06
14 10.00 5.96e+05 1.17e+06
15 " 15.00 8.78e+05 1.56e+06
16 20.00 1.14e+06 1.85¢+06

Table D.6 : Complex Modulus for Cold Lake Asphalt Sample @ 40°C

No. Frequency, Hz G\ Pa ~ G",Pa
1 0.20 1.16e+02 1.79e+03
2 0.40 4.40e+02 3.54e+03
3 0.60 6.93e+02 5.73e+03
4 0.80 9.35e+02 6.86e+03
5 1.00 1.24e+03 8.15e¢+03
6 1.60 1.93e+03 1.28e+04
7 2.00 2.52e+03 1.42e+04
8 4.00 5.27e+03 2.54e+04
9 6.00 8.31e+03 3.59¢+04
10 8.00 1.13e+04 4.71e+04
11 10.00 1.46e+04 5.68e+04
12 15.00 2.22e+04 7.96e+04
13 20.00 3.04e+04 9.96e+04
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Table D.7 : Complex Modulus for Cold Lake Asphalt Sample @ 60°C

No. Frequency, Hz G, Pa G", Pa
1 1.00 5.21e+01 7.09e+02
2 2.00 1.21e+02 1.30e+03
3 4.00 291e+02 2.56e+03
4 6.00 4.99e+02 3.71e+03
5 8.00 7.08e+02 4.82e+03
6 10.00 9.32e+02 5.90e+03
7 15.00 1.57e+03 8.53e+03
8 20.00 2.33e+03 1.10e+04
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Table D.8 : Shifted G' and G" for Cold Lake Asphalt Sample (Reference Temp. 20°C)

Red. | G,Pa | G",Pa { Red. G,Pa | G",Pa | Red. G, Pa G",Pa
Freq., Freq., Hz Freq.,

Hz Hz

0.001 | 5.21e+1 [7.09e+2| 15.00 |8.78e+5| 1.56e+6 |8.32e+4| 1.27e+8 | 5.76e+7
0.003 [ 1.21e+2 | 1.30e+3 | 20.00 |1.14e+6| 1.85e+6 {8.95e+4| 1.32e+8 | 5.46e+7
0.004 | 1.16e+2 | 1.79e+3 | 22.34 |1.07e+6| 1.84e+6 |1.25e+5| 1.44e+8 | 5.67e+7
0.006 | 2.91e+2 [ 2.56e+3 | 35.70 |1.48e+6| 2.44e+6 |1.34e+5| 1.49e+8 | 5.68e+7
0.007 | 4.40e+2 | 3.54e+3 | 44.67 |1.77e+6| 2.67et+6 {1.62e+5| 1.43e+8 | 5.78e+7
0.008 {4.99e+2 | 3.71e+3 | 83.17 [3.3let6]| 5.18e+6 |1.67e+5] 1.57e+8 | 5.63e+7
0011 | 693e+2 | 5.73e+3 | 89.62 |2.83e+6| 3.82e+6 [1.79e+5| 1.61e+8 | 5.77et+7
0.011 | 7.08e+2 | 4.82e+3 | 178.50 |4.67e+6 | 5.66e+6 |2.24e+5| 1.69e+8 | 5.80e+7
0.014 | 9.32e+2 | 5.90e+3 | 249.04 [6.85e+6 | 9.15e+6 [4.49e+5| 1.96e+8 | 6.00e+7
0.014 | 9.35¢+2 | 6.86e+3 | 268.15 | 6.20e+6 | 7.09e+6 [4.86e+5| 1.92e+8 | 5.84e+7
0.018 | 1.24e+3 | 8.15e+3 | 357.01 | 7.52e+6| 8.19e+6 |8.11e+5| 2.15e+8 | 5.66e+7
0.021 | 1.57e+3 | 8.53e+3 | 415.92 | 9.84e+6 | 1.18e+7 [8.95e+5| 2.29e+8 | 5.87et+7
0.028 | 1.93e+3 [ 1.28e+4 | 664.81 | 1.35e+7 | 1.47e+7 {1.34e+6| 2.42e+8 | 5.62e+7
0.036 | 2.52e+3 | 1.42e+4 | 831.69 | 1.57e+7 | 1.59e+7 [1.62e+6| 2.44e+8 | 5.45e+7
0.05 |3.67e+3 1] 1.79e+4 | 896.18 | 1.22e+7 | 1.18e+7 |1.79e+6| 2.54e+8 | 5.30et+7
007 |5.27e+3 | 2.54e+4 | 1668.79 | 2.32e+7 | 2.09e+7 [2.24e+6{ 2.61e+8 | 5.15e+7
0.08 | 6.67e+3 | 2.82e+4 | 1785.03 | 1.75e+7 | 1.54e+7 |3.25e+6| 2.66e+8 | 4.85e+7
0.10 | 8.12e+3 | 3.35e+4 | 2238.85 | 3.06e+7 | 2.56e+7 [3.36e+6| 2.72e+8 | 4.74e+7
0.11 | 8.31e+3 | 3.59e+4 | 2681.53 | 2.15e+7 | 1.76e+7 |4.49e+6| 2.82e+8 | 4.24et+7
0.14 | 1.13e+4 | 4.71e+4 | 3324.84 | 3.34e+7 | 2.70e+7 16.48e+6] 2.91e+8 | 4.37et+7
020 | 1.61e+4 | 5.85e+4 | 4466.56 | 2.75e+7 | 2.04e+7 [1.30e+7| 3.11e+8 | 3.77et+7
027 | 2.22e+4 | 7.96e+4 | 4993.63 | 4.02e+7 | 3.08¢+7 {1.62e+7| 3.16e+8 | 3.57e+7
036 |3.04e+4 | 9.96e+4 | 6648.09 | 4.68e+7 | 3.39e+7 [3.25¢+7| 3.36e+8 | 3.02e+7
0.40 | 3.12e+4 | 1.03e+5 | 6700.64 | 3.38e+7 | 2.31e+7 |6.48e+7] 3.51e+8 | 2.22e+7
0.60 |4.58e+4 | 1.43e+5 | 6702.23 | 5.11e+7 | 3.46e+7 [9.74e+7| 3.54e+8 | 1.67et+7
0.80 | 5.96e+4 | 1.79¢e+5 | 8316.88 | 5.18e+7 | 3.61e+7 [1.30e+8| 3.58e+8 | 1.19e+7
1.00 | 7.33e+4 | 2.12¢+5 | 8961.78 | 3.80e+7 | 2.40e+7 |1.62e+8| 3.58¢+8 | 9.71et+6
1.60 | 1.10e+5 | 3.06e+5 [11194.27| 6.47e+7 | 3.99e+7 [2.43e+8| 3.60e+8 | 2.68et+6
2.00 | 1.36e+5 | 3.64e+5 |16687.90| 6.88e+7 | 4.32e+7 |3.25¢+8| 3.58¢+8 | 4.04e+6
4.00 |2.57e+5 | 6.10e+5 |17898.09] 7.80e+7 | 4.45e+7

6.00 [3.71e+5 | 8.18e+5 |33248.41{9.15e+7 | 5.04e+7

8.00 |4.85e+5| 1.01e+6 [44920.38| 1.09e+8 | 5.00e+7

8.39 |6.65e+5 | 1.17e+6 [49936.31] 1.05e+8 | 5.37e+7

10.00 | 5.96e+5 | 1.17e+6 |66480.89| 1.18e+8 | 5.67e+7
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Table D.9 : Complex Modulus for Redwater Asphalt Sample @ -30°C

No. Frequency, Hz G, Pa G", Pa
1 0.01 2.05e+08 6.66e+07
2 0.03 2.58e+08 6.12e+07
3 0.05 2.83e+08 5.88e+07
4 0.08 3.04e+08 5.64e+07
5 0.10 3.14e+08 5.33e+07
6 0.20 3.41e+08 4.45e+07
7 0.40 3.62e+08 3.87e+07
8 0.60 3.74e+08 3.46e+07
9 0.80 3.82e+08 3.11e+07
10 1.00 3.88e+08 2.86e+07
11 2.00 4.05¢+08 2.40e+07
12 4.00 4.23e+08 1.54e+07
13 6.00 4.29¢+08 9.34e+06

Table D.10 : Complex Modulus for Redwater Asphalt Sample @ -20°C

No. Frequency, Hz G, Pa G", Pa
1 0.01 8.03e+07 4.80e+07
2 0.03 1.21e+08 5.79e+07
3 0.05 1.45e+08 6.24e+07
4 0.08 1.67e+08 6.46e+07
5 0.10 1.79e+08 6.50e+07
6 0.20 2.11e+08 6.48¢+07
7 0.40 2.42e+08 6.53e+07
8 0.60 2.61e+08 6.44e+07
9 0.80 2.75e+08 6.32e+07
10 1.00 2.85e+08 6.21e+07
11 2.00 3.16e+08 6.00e+07
12 4.00 3.48e+08 5.40e+07
13 6.00 3.61e+08 4.89¢+07
14 8.00 3.70e+08 4.37e+07
15 10.00 3.75e+08 3.95e+07
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Table D.11 : Complex Modulus for Redwater Asphalt Sample @ -10°C

No. Frequency, Hz G, Pa G", Pa
1 0.01 1.54e+07 1.41e+07
2 0.03 2.71e+07 2.02e+07
3 0.05 3.52e+07 2.44e+07
4 0.08 4.32e+07 2.77e+07
5 0.10 4.83e+07 2.93e+07
6 0.20 6.20e+07 3.34e+07
7 0.40 7.85e+07 3.84e+07
8 0.60 9.00e+07 4.16e+07
9 0.80 9.81e+07 4.33e+07
10 1.00 1.05e+08 4.46e+07
11 2.00 1.28e+08 4.95e+07
12 4.00 1.53e+08 5.26e+07
13 6.00 1.69¢+08 5.33e+07
14 8.00 1.80e+08 5.28e+07
15 10.00 1.87e+08 5.15e+07

Table D.12 : Complex Modulus for Redwater Asphalt Sample @ 0°C

No. Frequency, Hz G, Pa G",Pa
1 0.01 1.61E+06 2.69E+06
2 0.03 3.72E+06 4.72E+06
3 0.05 5.29E+06 5.62E+06
4 0.08 7.01E+06 6.45E+06
5 0.10 7.79E+06 6.86E+06
6 0.20 1.13E+07 8.76E+06
7 0.40 1.54E+07 9.96E+06
8 0.60 1.82E+07 1.08E+07
9 0.80 2.03E+07 1.12E+07
10 1.00 2.21E+07 1.13E+07
11 2.00 2.76E+07 1.24E+07
12 4.00 3.56E+07 1.28E+07
13 6.00 4.04E+07 1.29E+07
14 8.00 4.95E+07 1.28E+07
15 10.00 5.03E+07 1.13E+07
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Table D.13 : Complex Modulus for Redwater Asphalt Sample @ 20°C

No. Frequency, Hz G’,Pa G",Pa
1 0.05 6.65e+03 3.65¢+04
2 0.08 1.15e+04 5.53e+04
3 0.10 1.41e+04 6.57e+04
4 0.20 2.88e+04 1.20e+05
5 0.40 5.95e+04 2.16e+05
6 0.60 9.02e+04 3.03e+05
7 0.80 1.22e+05 3.82e+05
8 1.00 1.52e+05 4.58e+05
9 2.00 3.00e+05 7.81e+05
10 4.00 5.89e+05 1.30e+06
11 6.00 8.70e+05 1.73e+06
12 8.00 1.15e+06 2.11e+06
13 10.00 1.42e+06 2.43e+06
14 15.00 2.10e+06 3.23e+06
15 20.00 2.76e+06 3.79e+06

Table D.14 : Complex Modulus for Redwater Asphait Sample @ 40°C

No. Frequency, Hz G, Pa G",Pa
1 0.20 1.12e+02 1.04e+03
2 0.40 2.32e+02 2.13e+03
3 0.60 3.23e+02 2.96e+03
4 0.80 4.49e+02 3.96e+03
5 1.00 5.59e+02 4.74e+03
6 2.00 1.15e+03 9.00e+03
7 4.00 2.40e+03 1.71e+04
8 6.00 3.88e+03 247e+04
9 8.00 5.23e+03 3.20e+04
10 10.00 6.59e+03 3.89¢+04
11 15.00 1.05e+04 5.58e+04
12 20.00 1.46e+04 7.17e+04
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Table D.15 : Complex Modulus for Redwater Asphalt Sample @ 50°C

No. Frequency, Hz G, Pa G",Pa
1 1.00 8.06e+01 9.42e+02
2 2.00 1.84e+02 1.95e+03
3 4.00 3.78e+02 3.79e+03
4 6.00 5.86e+02 5.57e+03
5 8.00 8.31e+02 7.31e+03
6 10.00 1.09e+03 9.01e+03
7 15.00 1.84e+03 1.30e+04
8 20.00 2.66e+03 1.67e+04
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Table D.16 : Shifted G' and G" for Redwater Asphal: Sample (Reference Temp. 20°C)

Reduced G, Pa G", Pa Reduced G', Pa G", Pa
Frequency, Frequency,
Hz Hz

0.001 8.06e+01 9.42e+02 2.15e+03 2.76e+07 1.24e+07
0.002 1.84e+02 1.95e+03 2.99e+03 3.17e+07 1.39e+07
0.004 3.78e+02 3.79¢+03 3.22¢+03 3.27e+07 1.45e+07
0.006 5.86e+02 5.57e+03 4.29e+03 3.65e+07 1.53e+07
0.007 8.31e+02 7.31e+03 5.00e+03 3.73e+07 1.47e+07
0.009 1.09e+03 9.01e+03 5.37e+03 3.85e+07 1.54e+07
0.020 2.40e+03 1.71e+04 7.99¢+03 4.23e+07 1.57e+07
0.031 3.88e+03 2.47e+04 1.00e+04 4.49e+07 1.55e+07
0.051 6.59e+03 3.89¢+04 1.62e+04 5.15e+07 1.67e+07
0.077 1.05et04 5.58e+04 2.01et+04 5.21e+07 1.53e+07
0.103 1.46e+04 7.17e+04 2.15¢+04 5.41e+07 1.73e+07
0.201 2.88et04 1.20e+05 3.22e+04 6.12e+07 1.72e+07
0.400 5.95e+04 2.16e+05 4.00e+04 5.95e+07 1.56e+07
0.600 9.02e+04 3.03e+05 4.29e+04 6.66e+07 1.69e+07
0.799 1.22e+05 3.82e+05 4.86e+04 6.48e+07 1.54e+07
1.00 1.52e+05 4.58e+05 5.37e+04 6.97e+07 1.64e+07
2.01 3.00e+05 7.81e+05 6.00e+04 6.37e+07 1.54e+07
4.00 5.89e+05 1.30e+06 7.99¢+04 6.70e+07 1.51e+07
6.00 8.70e+05 1.73e+06 8.11et+04 7.11e+07 1.48e+07
7.99 1.15e+06 2.11e+06 1.00e+05 6.98e+07 1.48e+07
10.00 1.42e+06 2.43e+06 1.30e+05 7.64e+07 1.42e+07
10.71 1.61e+06 2.69¢+06 1.62e+05 7.89e+07 1.34e+07
15.00 2.10e+06 3.23e+06 2.01e+05 7.64e+07 1.43e+07
20.06 2.76e+06 3.79¢+06 3.25e+05 8.57e+07 1.12e+07
32.07 3.72e+06 4.72e+06 4.00e+05 8.34e+07 1.28e+07
53.58 5.29e+06 5.62e+06 6.00e+05 8.74e+07 1.14e+07
85.65 7.01e+06 6.45¢+06 6.48e+05 9.09e+07 9.72e+06
160.83 1.01e+07 7.68e+06 7.99e+05 8.92e+07 1.03e+07
268.47 1.30e+07 9.02e+06 9.74e+05 9.39e+07 8.69e+06
428.34 1.54e+07 9.96e+06 1.00e+06 9.10e+07 9.66e+06
429.30 1.60e+07 1.03e+07 1.30e+06 9.60e+07 7.81e+06
537.10 1.77e+07 1.07e+07 1.50e+06 9.36e+07 7.92e+06
64331 1.82e+07 1.08e+07 1.62e+06 9.75e+07 7.18e+06
856.53 2.03e+07 1.12e+07 9.74e+06 1.08e+08 2.35e+06
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APPENDIX - E
Results of Empirical and Performance-Based Tests

Table E.1: Cold Lake Asphalt Samples
Sample No. CL1 CL2 CL3 CL4 CL5
{ISTANDARD TESTS
Penetration at 25 °C, dmm (100g/5s) 64 130 140 210 281
Kinematic Viscosity at 135 °C, CSt 459 296 253 208 167
Viscosity 60°C (S.Rate 0.05s1), Pa.s| 315 118 97 58 37
TESTS After TFOT
TFOT Mass Loss, % 0.01 0.12 0.18 0.35 0.72
Penetration at 25°C, dmm (100g/5s) 52 93 103 130 181
% Residual Penetration 74.0 64.5 64.0 56.0 55.6
Viscosity 60°C (S.Rate 0.05s), Pa.s| 580 245 220 142 92
Aging Index 1.84 2.08 2.27 2.45 2.49
Ductility 150+ 150+ 150+ 150+ 150+
@25°C | @25°C | @25°C |@15.6°C|@15.6°C
SHRP TESTS
Original Binder Properties
Flash Point, °C 288 286 278 270 250
Dynamic Viscosity at 135 °C, mPas| 461 280 267 208 165
Dynamic Shear (G*/sind), kPa 1.07 1.09 1.11 1.14 1.09
Temperature, °C 68.0 589 58.0 55.0 51.0
RTFOT
RTFOT Mass Loss, % 0.03 0.21 0.31 0.56 1.11
Dynamic Shear (G*/sind),
(Min. 2.20 KPa), kPa 2.46 222 2.24 242 237
Temperature, °C 64.0 62.0 58.0 55.1 52.0
Pressure Aging Vessel Residue
Weight Gain, % 0.59 0.64 0.66 0.64 0.61
PAV Aging Temperature, °C 100 100 100 90 90
Dynamic Shear [G*(sin 8)],
(Max. 5000 KPa),kPa 4614 4897 4567 4545 4958
Temperature, °C 19.9 16.0 13.0 10.9 6.1
Creep Stiffness
(S - max. 300 MPa) @ 60s| 298 276 285 284 278
(M value - min. 0.3) @ 60s| 0.335 0343 | 0329 | 0.345 | 0361
Temperature, °C -16.0 -21.0 -22.0 -24.1 -26.0
SHRP Grading PG64-22 | PG58-28 | PG58-28 | PG52-34 | PG46-34
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Table E.2 : Bow Valley Asphalt Samples

Sample No. BV1 BV2 BV3 BV4 BVS5S BV6
STANDARD TESTS
Penetration at 25 °C, dmm 38 90 145 214 228 400
Kinematic Viscosity at 573 334 241 198 177 122
135 °C, CSt
Viscosity @ 60°C (S.Rate 489.0 157.0 83.3 50.5 42.1 19.8
0.05s"), Pas
TESTS After TFOT
TFOT Mass Loss % (+0.08) | (+0.09) | (+0.09) | (+0.08) | (+0.05) | (+0.03)
Penetration at 25°C, dmm 37 69 107 139 157 314
% Residual Penetration 71.2 65.1 62.6 58.4 59.2 63.3
Viscosity @ 60°C (S.Rate 1100.0 { 325.0 146.0 92.3 85.2 343
0.05s"), Pa.s
Aging Index 2.25 2.07 1.75 1.83 2.02 1.73
Ductility, cm 150+ 150+ 150+ 150+ 150+ 150+
@25°C | @25°C | @25°C |@15.6°C| @15.6°C | @15.6°C
SHRP TESTS
Original Binder Properties
Flash Point, °C 361 332 321 317 307 301
Dynamic Viscosity at 572 340 243 203 184 124
135 °C, mPa.s
Dynamic Shear (G*/sin 6 ),
(Min. 1.0 KPa), kPa 1.12 1.04 1.01 1.06 1.12 1.16
Temperature, °C 73 63 58 54 54 46
RTFOT
RTFOT Mass Loss, % (+0.073) [ (+0.109) | (+0.090) | (+0.040) ; (+0.007) | 0.030
Dynamic Shear (G*/sin 6 ),
(Min. 2.20 KPa), kPa 2.44 2.40 2.39 2.25 2.44 241
Temperature, °C 70 63 57 52 51 45
Pressure Aging Vessel
Residue
Weight Gain, % 0.60 0.58 0.45 0.46 0.45 0.45
PAV Aging Temperature, °C| 100 100 90 90 90 90
Dynamic Shear [G*(sin 6 )],
(Max. 5000 Kpa), kPa 4584 4946 4801 4494 4494 -
Temperature, °C 23 20 14 11 10 -
Creep Stiffness
(S - max. 300 MPa) @ 60s | 268 269 271 278 257 248
(M value - min. 0.3) @ 60s| 0334 | 0.338 0.360 0.354 0.376 0.382
Temperature, °C -11.1 -16.1 -20.1 -21.9 -23.0 -27.0
SHRP Grading PG70-16|PG58-22 | PG52-28 | PG52-28 | PG46-28 | PG40-34
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Table E.3 : Redwater Asphalt Samples
Description of Material Redwater Crude Qil Vacuum Distillation Residue
Sample No. RW1 RW2 RW3 RW4 RWS5
STANDARD TESTS
Penetration at 25 °C, dmm (100g/5s)| 100 151 195 220 295
Kinematic Viscosity at 135 °C ,CSt | 193.8 161.2 155.7 129.8 119.7
Viscosity @ 60°C (S.Rate 0.05s), 94.0 53.0 41.0 29.4 28.0
Pa.s
TESTS After TFOT (T179
TFOT Mass Loss ,% (+0.12) | (+0.13) | (+0.14) | (+0.15) | (+0.12)
Penetration at 25°C, dmm (100g/5s) 65 91 110 125 169
% Residual Penetration 65.0 60.2 56.4 56.8 57.3
Viscosity @ 60°C (S.Rate 0.05s™), 199.0 96.0 85.0 50.0 45.2
Pas
Aging Index 2.12 1.81 2.07 1.70 1.61
Ductility, mm 150+ 150+ 150+ 150+ 150+
@25°C | @25°C | @25°C |@15.6°C|@15.6°C
SHRP TESTS
Original Binder Properties
Flash Point, °C 338 334 322 321 318
Dynamic Viscosity at 135 °C, mPa.s| 209.3 154.7 138.1 122.9 110.2
Dynamic Shear (G*/sin 8 ),
(Min. 1.0 KPa), kPa 1.06 1.08 1.07 1.11 1.08
Temperature, °C 60.0 54.0 50.9 49.9 48.0
RTFOT (T240)
RTFOT Mass Loss, % (+0.13) | (+0.13) | (+0.13) | (+0.14) | (+0.15)
Dynamic Shear (G*/sin 8 ),
(Min. 2.20 KPa), kPa 2.38 2.26 2.48 245 2.38
Temperature, °C 58.9 54.1 52.0 51.0 49.0
Pressure Aging Vessel Residue
Weight Gain, % 0.72 0.50 047 0.49 0.49
PAV Aging Temperature, °C 100 90 90 90 90
Dynamic Shear [G*(sin § )],
(Max. 5000 Kpa), kPa 4950 4566 4419 4936 4617
Temperature, °C 18.0 16.1 14.0 14.0 10.1
Creep Stiffness
(S - max. 300 MPa) @ 60s{ 303 275 263 294 266
(M value - min. 0.3) @ 60s| 0.343 0.339 | 0.363 | 0.339 | 0.356
Temperature, °C -16.0 -18.6 -19.4 -20.0 -22.0
SHRP Grading PG58-22 | PG52-28 | PG52-28 | PG46-28 | PG46-28
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Table E.4: Asphalt Samples from 75% Cold Lake and 25% Redwater Crude Oils

Sample No. CL75-1 | CL75-2 | CL75-3 | CL754 | CL75-5
STANDARD TESTS
Penetration at 25 °C, dmm (100g/5s) 73 114 149 217 262
Kinematic Viscosity at 135 °C, CSt 376 286 244 183 159
Viscosity @ 60°C (S.Rate 0.05sh), 230 121 85.5 49.8 374
Pa.s
TESTS After TFOT
TFOT Mass Loss, % (+0.04) | (+0.01) | (+0.01) | 0.08 0.13
Penetration at 25°C, dmm (100g/5s) 55 81 95 146 174
% Residual Penetration 67.1 62.3 559 56.6 54.2
Viscosity @ 60°C (S.Rate 0.05s), 457 283 193 101 81.5
Pas
Aging Index 1.99 2.34 2.26 2.03 2.18
Ductility 150+ 150+ 150+ 150+ 150+
@25°C | @25°C | @25°C |@15.6°C|@15.6°C
SHRP TESTS
Original Binder Properties
Flash Point, °C 318 295 289 280 276
Dynamic Viscosity at 135 °C, mPa.s| 389 287 239 188 159
Dynamic Shear (G*/sin d ),
(Min. 1.0 KPa), kPa 1.05 1.06 1.00 1.06 1.01
Temperature, °C 66.0 61.0 58.0 53.0 51.0
RTFOT
RTFOT Mass Loss, % (+0.01) 0.03 0.08 0.28 0.31
Dynamic Shear (G*/sin 6 ),
(Min. 2.20 KPa), kPa 225 228 221 246 2.30
Temperature, °C 66.0 61.0 58.0 54.0 52.0
Pressure Aging Vessel Residue
Weight Gain, % 0.63 0.62 0.65 0.48 0.48
PAV Aging Temperature, °C 100 100 100 90 90
Dynamic Shear [G*(sin 6 )],
(Max. 5000 Kpa), kPa 4995 4527 4830 4396 4951
Temperature, °C 20.0 19.0 16.0 10.0 9.0
Creep Stiffness
(S - max. 300 MPa) @ 60 s 293 306 278 301 303
(M value - min. 0.3) @ 60s| 0.324 0312 | 0.307 | 0.335 0.345
Temperature, °C -16.1 -20.2 -21.2 -24.8 -25.0
SHRP Grading PG64-22 | PG58-28 | PG58-28 | PG52-34 | PG46-34
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Table E.5: Asphalt Samples from 60% Cold Lake and 40% Redwater Crude Oils

Sample No. CL60-1 CL60-2 CL60-3
ISTANDARD TESTS
Penetration at 25 °C, dmm (100g/5s) 70 145 215
Kinematic Viscosity at 135 °C, CSt 373 233 172
Viscosity @ 60°C (S.Rate 0.05s"), Pa.s 201 83 50
TESTS After TFOT
TFOT Mass Loss % 0.07 0.04 0.01
Penetration at 25°C, dmm (100g/5s) 55 100 137
% Residual Penetration 78.6 69.0 63.7
Viscosity @ 60°C (S.Rate 0.05s), Pa.s 488 166 107
Aging Index 243 2.00 2.14
Ductility 150+ 150+ 150+
@25°C @25°C | @15.6°C
|SHRP TESTS
Original Binder Properties
Flash Point, °C 322 296 292
Dynamic Viscosity at 135 °C, mPa.s 356 230 172
Dynamic Shear (G*/sin ),
(Min. 1.0 KPa), kPa 1.03 1.01 1.07
Temperature, °C 65.0 58.0 52.0
RTFOT
RTFOT Mass Loss, % (+0.10) 0.02 0.05
Dynamic Shear (G*/sin ),
(Min. 2.20 KPa), kPa 2.36 2.22 2.26
Temperature, °C 65.0 60.0 53.0
Pressure Aging Vessel Residue
Weight Gain, % 0.64 0.65 0.55
PAV Aging Temperature, °C 100 100 90
Dynamic Shear [G*(sind)],
(Max. 5000 Kpa), kPa 4594 4548 4783
Temperature, °C 20.0 16.0 10.0
Creep Stiffness
(S - max. 300 MPa) @ 60 s 274 286 261
(M value - min. 0.3) @ 60 s 0.306 0.310 0.313
Temperature, °C -17.1 -22.8 -24.3
SHRP Grading PG64-22 PG58-28 | PG52-34
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