University of Nevada, Reno

Influence of Mixture Characteristics on the

Oxidative Aging of Asphalt Binders

A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in
Civil Engineering

by

Nathaniel E. Morian

Dr. Peter E. Sebaaly, P.E.
Dissertation Advisor

May, 2014



UMI Number: 3626103

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMI

Dissertation Publishing

UMI 3626103
Published by ProQuest LLC (2014). Copyright in the Dissertation held by the Author.

Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code

ProQuest

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



Influence of Mixture Characteristics on the

Oxidative Aging of Asphalt Binders

Copyright © 2014 by Nathaniel E. Morian

All Rights Reserved



THE GRADUATE SCHOOL

2

University of Nevada, Reno
Statewide « Worldwide

We recommend that the dissertation
prepared under our supervision by

NATHANIEL E. MORIAN
entitled

Influence of Mixture Characteristics on the
Oxidative Aging of Asphalt Binders

be accepted in partial fulfillment of the
requirements for the degree of

DOCTOR OF PHILOSOPHY

Dr. Peter E. Sebaaly, Advisor

Dr. Elie Y. Hajj, Committee Member

Dr. Raj. V. Siddharthan, Committee Member

Dr. Gary M. Norris, Committee Member

Dr. Tomasz J. Kozubowski, Graduate School Representative

Marsha H. Read, Ph. D., Dean, Graduate School

May, 2014




ABSTRACT

The objective of this research effort focused on the evaluation of asphalt mixtures with
respect to thermal cracking. Preliminary investigations soon indicated that a fundamental
evaluation of thermal cracking was highly dependent upon the more complicated
understanding of asphalt binder oxidation. The oxidation of asphalt binders within an
asphalt mixture were understood to potentially be influenced by the mixture
characteristics (i.e. air void levels, binder content, etc.) and aggregate properties (i.e.
aggregate absorption, gradation, etc.). Therefore, this study was conducted in order to
investigate and quantify the effects different aggregate sources and mixture properties
may have on the oxidation and thermal cracking performance of asphalt mixtures.

The investigation specifically focused on quantifying the oxidation of the asphalt
binder alone and as part of the asphalt mixture when subjected to isothermal oven aging.
The oxidation parameters of pan-aged asphalt binders were quantified, according to the
standard of practice in the industry. These parameters were then compared to extracted
and recovered mixture-aged asphalt binders to examine the influence of the main
aggregate and mixture factors on the binder oxidation. The study observed differences
between the pan-aged and mixture-aged asphalt binders in terms of oxidation Kinetics,
rheological measures, and the combined effect represented as the hardening
susceptibility.

Further evaluation of the binder oxidation based upon the dynamic modulus
measures indicated marked influences of the mixture characteristics, the individual
component materials, and the interactions between the investigated factors.

Differentiation of the experimental factors was further identified by the newly
developed low-temperature evaluation method, Uniaxial Thermal Stress and Strain Test
(UTSST). The UTSST provides a fundamental approach to characterize the thermo-
viscoelastic properties of asphalt mixtures permitting the pragmatic evaluation of changes
in the stiffness and overall behavior of mixtures as a function of oxidative aging. Five
distinct stages in the UTSST modulus were identified as thermo-viscoelastic properties,
which are identified as a function of temperature: viscous softening, viscous-glassy
transition, glassy hardening, crack initiation, and fracture stages.

Through consideration of the thermo-viscoelastic properties, marked differences in
the binder oxidation were noted between the experimental factors. Typically, decreases
in the viscous response of the mixtures as well as increases in both the stiffness and
brittle behavior were observed with aging. The evaluation method provides definitive
measures to monitor multiple aspects of the performance of asphalt mixtures subjected to
thermal loading.
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1 INTRODUCTION

In this day in age, the asphalt pavement community is quickly becoming more
technologically advanced in terms of analysis, design, and material characterization. This
is a continuous process which is part of an overall effort to fully measure and
comprehend the complexity of the asphalt.

The complexities begin with the nature and behavior of the asphalt binder. At a
given point in time or aging condition, asphalt binders can be characterized with varying
levels of appropriateness as linear elastic, linear viscoelastic, nonlinear viscoelastic,
viscoplastic, etc. depending upon the measurement conditions and the level of detail
desired in the characterization.

The aggregates typically exhibit linear elastic behavior over the range of loading
conditions experienced within an asphalt pavement. However, when the aggregate are
combined into a particular gradation, the bulk properties are highly influenced by many
characteristics that are not easily modeled. Factors such as gradation, aggregate
angularity, surface texture, surface coatings, and others have all been shown to influence
the stiffness, flexibility, brittleness, resistance to rutting and many other performance
measures considered in asphalt mixtures.

The situation becomes increasingly more complicated when the two components
(i.e. asphalt binder and aggregate) are combined together into an actual mixture. Each
component retains many of the complex characteristics of the parent material, in addition

to exhibiting complex interactions. These interactions may be as simple as portions of



the binder being absorbed into the aggregate surface rendering it unavailable to the
overall function of the mixture. On the other hand, complicated chemical interactions on
the molecular level may significantly alter the overall behavior of the mixture.
Additional influences from mineral fillers, chemical additives, and the compacted density
of the material, and the entire system quickly becomes much more difficult to accurately
characterize.

With all of these factors contributing to the characteristic behavior of a given
mixture at a single point in time, it starts to become clear why the underlying changes in
these characteristics are not fully understood as mixtures age and oxidize under variable
conditions. Practical applications of damage from traffic, moisture, and freeze-thaw
cycling continue to add to the highly variable environment where engineers need to
design and analyze pavement structures and performance.

With those real-world conditions in mind, this study was initiated to quantify a few
of the material unknowns that dictate mixture performance characteristics as a function of
time. The overall research effort was supported by the Federal Highway Administration
(FHWA) Contract DTFH61-07-H-00009, the Asphalt Research Consortium (ARC)
beginning in 2007. The efforts included in this manuscript are a portion of the overall
effort described under Work Element E2d.3 entitled Thermal Cracking Resistant
Mixtures.

A significant portion of the overall effort put forth as part of the ARC included the
development of a database to electronically store the reports, publications, materials
characterization, and testing data produced as part of the research. Developed under the

direction of Dr. Elie Hajj and colleagues at the University of Nevada, Reno, the database



may be found at http://www.arc.unr.edu/Outreach.html#ARC Database. This database
provides not only the measures and reports from the research discussed in this
manuscript, but all of the reports, materials properties, produced measures, and

publications prepared by all of the partners over the duration of the ARC contract.

1.1 Objective of the Study

Underlying the overall objective focused on thermal cracking, lies a much more
complicated understanding of the true behavior of asphalt binder oxidation as it is
influenced by the mixture characteristics (i.e. air void levels, binder content, etc.) and
aggregate properties (i.e. aggregate absorption, quantitative gradation, etc.). This study
was conducted in an effort to thoroughly investigate and quantify the effects different
aggregate sources and mixture properties may have on the thermal cracking performance
of asphalt mixtures. Once the asphalt binder oxidation process relative to the mixture
characteristics is properly identified, its implication on other mixture properties and
behaviors can be assessed. The results of this process will be applicable not only to
thermal cracking, but also to numerous other properties that depend upon asphalt mixture
characterization over time or at any aging condition where actual material testing is not

practical or possible.



1.2 Problem Statement

This investigation is specifically focused on quantifying the oxidative aging
characteristics of the asphalt binder by itself and as part of the asphalt mixture when both
are subjected to controlled isothermal oven aging in the laboratory. The initial
quantification will establish the oxidation parameters of the asphalt binder as has been the
standard of practice in the industry. The next stage will determine the relationships
among the properties and characteristics of the asphalt binder aged alone and within the
asphalt mix. Once a solid foundation has been laid by determining these influences under
a controlled laboratory setting, the methodology and principles may be applied to
analyses of field conditions, which are inherently much more variable and unpredictable.
The current state of practice as will be discussed in detail in later sections, focuses
almost exclusively on the characterization of the asphalt binder alone, completely blind to
any influences of the aggregate or the majority of the mixture properties. This has been
logically justified by acknowledging that the aggregates should not, under normal
circumstances change significantly over time, i.e. that aggregate will not oxidize or
otherwise age over time. While this fact cannot necessarily be argued, there have been
many studies conducted that report direct and significant influences of mineral fillers,
mastics, and aggregates on the physical and chemical properties of the associated binders.
Certain fillers, such as lime, have long been known to improve the adhesion and thus
moisture susceptibility characteristics of the asphalt mixture, with a catalytic stiffening

effect on the mastic itself. Therefore, it stands to reason that it would be highly unlikely



that such influences would have a negligible influence on the oxidation process and
resulting measurement of oxidation parameters of asphalt binders.

If the oxidation parameters are found to differ, then efforts will be put forth to
quantify those differences utilizing phenomenological parameters as much as practical.
These quantifiable parameters will become significant to the overall effort of the ARC, to
quantify parameters to the extent that predictive models can be utilized to predict the
performance of asphalt pavements in regards to specific conditions and distress modes,

such as thermal cracking.



2 BACKGROUND

The study of asphalt binder aging is not a new concept by any means. Investigations
have been ongoing for at least a century focusing on changes in asphalt material behavior
as a function of age (Hubbard and Reeve, 1913). As can be expected, many of the efforts
came from diverse viewpoints with specific objectives. Therefore, full comprehension of

the subject by the asphalt community has remained elusive to this day.

2.1 General Overview

Many of the earlier studies were limited by technological advancements that simply were
not available during the conduct of the research. Others were plagued by the common
issue of limited time and resources to fully explore the findings and develop robust
examination procedures.

A significant effort was put forth during the Strategic Highway Research Program,
(SHRP). Much of the work by Bell et al. and others (Bell, 1989; Von Quintus et al.,
1991; Bell et al., 1994; and Bell and Sosnovske, 1994) ultimately led to what exists today
as the standard of practice for short and long-term aging of asphalt mixtures for mix
design and mechanical testing. This standard is published as AASHTO R30 (AASHTO,
2013). Essentially, the aging was quantified by viscosity and penetration measurements
at a single temperature of the binders extracted and recovered from mixtures aged in

laboratory under various conditions. Limited resilient modulus testing was also



completed on the lab compacted samples. Unfortunately the long term aging properties,
simulating five to ten years in service, had to be extrapolated from two year data
available and using penetration estimation equations developed previously (Bell et al.,
1994). To compound these issues, limitations on the project did not permit comparisons
of the binder and mixture test results.

The most significant drawback of these early studies is that neither the binder
penetration nor the viscosity are robust or strong enough links to adequately relate the
mixture aging to the numerous binder aging studies, i.e. these tests are not sensitive
enough to adequately differentiate oxidative aging. That is not to say penetration and
viscosity are not affected by aging, but merely they are not powerful enough tools for
adequate aging characterization.

Other studies began to incorporate not only the stiffness measures but also chemical
characterization of the aged binders (Chari, 1988). These studies included variants of
oxidation measurement by investigating carbonyl ratio and ketone factor. However,
these studies included a limited scope of mixtures, but did include multiple aging
durations, mixture resilient modulus, indirect tensile strength, and an estimated fracture
energy parameter.

While these efforts have stood as the standard for some time, they have
unfortunately been shown to be inadequate. Therefore, two new projects through the
National Cooperative Highway Research Program, NCHRP, have been initiated and are
currently underway. NCHRP Project 9-52 is focused on addressing the appropriate
procedures to simulate short-term aging to adequately replicate batching, mixing, and

placement of the asphalt mixtures in the field. Similarly, NCHRP Project 9-54 is



intended to characterize and produce a method to appropriately long-term age asphalt
mixtures in the lab to replicate in-service aging in the field. These two projects are
anticipated to be completed in 2014 and 2016, respectively. Therefore, the standard
methods as they exist today are likely to either be validated or modified in the near future

as a result of these research efforts.

2.2 Summary of State of Practice

Other research efforts provided a comprehensive literature review including a summary
of a more appropriate measure of asphalt binder aging (Glover et al., 2009). Based on the
numerous studies reviewed, oxidation was identified as the most influential hardening
parameter on binder aging. Previous work by Liu et al. indicated that carbonyl area, CA,
is a direct measure of binder oxidation (Liu et al., 1998). Other investigations further
conclude that CA relates directly to binder physical properties or rheology, such as the
low shear rate limiting viscosity (Martin et al., 1990 and Lau et al., 1992). Extensive
studies of binder oxidation kinetics also have been reported (Lau et al., 1992).

In summary, these studies consider the binder kinetics as the relationship between
CA and aging time as function of temperature and oxygen pressure or concentration. The
other major determination with this technique is the hardening susceptibility (HS). While
these parameters will be discussed at length in the methodology section, the HS
parameter is essentially the relationship between the binder viscosity and the

corresponding CA measures over a range of aging conditions.



In the majority of current aging procedures, the most common method of aging the
binders is in some type of pan or metallic vessel. Commonly these are small laboratory
pans that allow the binder to be aged in a thin film, to reduce limitations of the oxidation
related to diffusion of the oxygen through the binder. The most common procedures
keep the film thickness around 1 mm (Han, 2011; Morian et al., 2011, and Morian et al.,
2013) and down to 0.3 mm (Farrar et al., 2012) in some instances. The standard practice
is to age a given asphalt binder under atmospheric air supply and pressures over different
durations at multiple temperatures that must be very tightly controlled. The selection of
the temperatures and durations is somewhat subjective; however there are logical and
practical limitations on each.

It stands to reason that it would be desirable to keep the aging duration as short as
possible. The shorter the duration, the more samples may be tested and early results can
be obtained within a given evaluation period. However, there must be sufficient time to
permit the oxidation reactions to take place within the asphalt binders. Those reaction
rates are significantly increased when the aging temperature is increased. So it is logical
to increase the temperature and decrease the aging time. However, caution must be
observed in these considerations since it has been shown that usage of temperatures that
are too high will produce different oxidation products from a chemical species standpoint
(Petersen, 2009). These differences in the chemical species or functional group may
cause significant changes in the measurements being conducted in these types of
experiments.

Essentially, the aging protocol needs to balance the temperatures, durations,

oxidation reaction rates, and oxygen diffusion rates with sample geometry and oxygen
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pressure as significant inputs into the process. To further complicate the situation, the
determination of which process is limiting the oxidation of the binder, the oxidation
reaction or the oxygen diffusion through the binder, is definitely not an easy or straight
forward consideration. Often, very specific kinetics studies of the exact materials at hand
are necessary to make these determinations, but such considerations are fairly outside the
scope of this research effort and thus are not considered directly.

Additional asphalt binder aging measurements are also considered from field
samples. Typically, these materials are obtained from cores cut from the pavements in
the field. The binder is then extracted from the mixture before tested by the various
aging protocols being used. Some of the measures are conducted on the binder as-is, and
some binders may undergo additional aging in the laboratory to establish the kinetics and
HS relationships for the binder obtained from the field mixture. These types of
measurement provide aging information on the exact mixture and binder in the field.

In summary, the vast majority of oxidation studies on asphalt materials are
conducted on asphalt binders aged in metallic pans, either steel or aluminum, over a
range of temperatures and durations. Unless field samples are involved, these studies
typically do not include the interaction of aggregates or mixture characteristics, which

have proven to be significantly influential.
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3 PROPOSED METHODOLOGY

An investigation into a subject as comprehensive as oxidative aging of asphalt mixtures
will definitely necessitate the application of comprehensive theories, each with its own
corresponding test methodologies and measures. These measures vary greatly depending
upon the material characteristics being investigated as well as the conditions under which
the material behavior is being evaluated. In general, the applied methodologies can be
grouped by the material, namely; asphalt mixtures or asphalt binders. Further
consideration of the oxidation models currently available in the industry and their
relevance to this study are presented in the following sections.

This chapter is intended to present the methodologies utilized throughout this
research effort. The tests and analysis methods used will be discussed at length to enable
the later chapters to focus on the results and more importantly on the interpretations of

those results without having the method development issues cluttering those discussions.

3.1 Mixture Characterization Procedures

Since this investigation is focused on oxidation and its impact on the properties of asphalt
mixtures, a significant amount of effort will be spent on the quantification of the mixture
stiffness. As such, the majority of the mixture characterization efforts will emphasize the

different measures of the stiffness or modulus values of asphalt mixtures.
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One method of characterizing the stiffness of asphalt mixtures that is becoming
increasingly more popular is the determination of the dynamic modulus, |[E*|. While the
dynamic modulus measures the stiffness of asphalt mixtures in the complex domain
under mechanical loading, a relatively new procedure known as the Uniaxial Thermal
Stress and Strain Test, UTSST, establishes a modulus of the mixtures under thermal
loading. Similar stiffness measures of the asphalt binders were also measured through
the dynamic shear modulus.

Since these stiffness measures are all relative to each other at various aging stages
of the asphalt binders, a chemical characterization has also been conducted through
measures with Fourier-Transform Infrared Spectroscopy, FT-IR to chemically quantify
the aging of asphalt binders. Additional measures of the complex interactions of the
asphalt binders and the associated aggregates have also been explored through fractional
composition measures of the asphalt binders combined with the respective aggregates
used in the study.

Further details regarding each of these measures, has been provided in the following

sections, with detailed analyses and results presented in subsequent chapters.

3.1.1 Dynamic Modulus

Stiffness measures have been utilized for many years to quantify the stress-strain
relationship of materials. The notation, E, for modulus values are typically reserved for

cases where axial loading is applied. In this particular instance the asterisk is added to
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denote the complex domain or time dependent measure as opposed to the time
independent measure, E or Young’s modulus, such as a static load case.

The measure of dynamic modulus, |E*|, is becoming an increasingly useful tool for
asphalt mixture characterization. One reason for the gained popularity of E*extends from
the availability of more advanced pavement evaluation methods that incorporates the
dynamic or time dependent nature of the load and material properties. These factors are
becoming increasingly relevant given the fact that asphalt mixtures exhibit some degree
of viscoelastic behavior.

The need for the viscoelastic characterization of asphalt mixtures is based on the
fact that the moduli of these mixtures are highly influenced by both the loading rate
(frequency) and the temperature at which the test is conducted. These characteristics are
generally quantified in the dynamic modulus test by applying a compressive sinusoidal
(Haversine) load in the axial direction and measuring the corresponding recoverable axial
strain on the specimen. The applied load is composed of a frequency sweep repeated
under multiple isothermal conditions. Because the asphalt mixture will respond in a
viscoelastic manner, the applied stress and corresponding strain will be out of phase, i.e.
there is a time lag between the load and response. This phase lag (¢) is depicted in Figure

3.1.



Axial Stress

Axial Stress
> 1y < = == Axial Strain
—| b le
N\ 2% X
/ ",\ \‘ / "\ \_‘ / [’\
/ l' \ \ / \ k / / \

1

7
! \ \ II

\
\ K
\ Y /
Y i

N/

NS e

Axial Strain

14

|
time lag = (p/a)_)l rLTime

Figure 3.1 Typical Stress and Strain from Dynamic Modulus Testing

The determination of the dynamic modulus in the complex domain is represented by

Equation 3.1.

E*

where,

0o Sin wt

— — E* La — El -En
20 Sin(@t — @) |E*|(cos ¢ + isin¢) +i

Equation 3.1

E* -  complex dynamic modulus, psi (kPa);

0o -  maximum amplitude of stress, psi (kPa);

o - maximum amplitude of strain, in./in. (mm/mm);
w - angular frequency, Hz or rad/s;

Q- phase angle, degrees;

t- time; sec.;

i- complex number, i = v—1;

storage or elastic modulus, psi (kPa);
loss or viscous modulus, psi (kPa).

Commonly, the absolute value of complex modulus, |[E*|, is reported and utilized rather

than the full complex form. Mathematically, |[E*| is calculated as presented in Equation

3.2 with the accompanying phase angle calculated as depicted in Equation 3.3.
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E*| = —
7] & Equation 3.2

E t
@ = tan"l— = t—l(360°)

E’ p Equation 3.3

One form of graphical representation of the contribution of E’ and E” specific to E* is

depicted by the vector addition shown in Figure 3.2.

Loss Modulus, E”

Storage Modulus, E’

Figure 3.2 Vector Diagram of Dynamic Modulus Values

Chronologically speaking, dynamic modulus testing has existed for quite some time.
Earlier versions of the method were prescribed in the American Association of State
Highway Transportation Officials (AASHTO) provisional test method TP62-03
(AASHTO, 2006), which has been revised and now exists as a full test method T342.
Essentially, this method established the testing protocol utilizing five temperatures and
six frequencies with a rest period between each frequency sweep. Difficulties in

conducting stress-controlled testing coupled with somewhat complicated software
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operations available at the time, and extensive testing durations led to additional research
efforts.

The additional efforts conducted through NCHRP Project 9-29 resulted in a
modified testing protocol that eventually led to several equipment manufacturers
producing what was known as the Simple Performance Tester (SPT). The major
modifications to the SPT method included conducting the designated frequency sweeps
in a strain controlled mode, reducing the protocol to four temperatures, recommending
quality control limits on the applied load and resulting material response, and inducing a
maximum limit on the total permanent strain (Bonaquist et al,. 2003). The selected
temperatures stem from the recommendations of NCHRP 9-19 suggesting 4.4 and 21.1°C
were related to the fatigue performance of mixtures and the high temperatures 37.8 and
54.4°C showed a relationship with rutting resistance. Based on these recommendations
the dynamic modulus testing for this research was conducted under the following
conditions:

e Temperatures: 4.4, 21.1, 37.8, and 54.4°C (40, 70, 100, and 130°F)

e Frequencies: 25, 10, 5, 1, 0.5, 0.1 Hz
In order to maintain consistency during the study period, the dynamic modulus test
protocol was held consistent even though continued research efforts on dynamic modulus
testing had continued elsewhere and suggested modifications. Some of the revisions
reduced the number of temperatures and frequencies at the extreme ends of the testing
conditions and applied binder’s specific conditions. For example, a recent change
requires four test frequencies at the highest test temperature which is dependent upon the

Performance Grade (PG) of the asphalt binder in the mixture. This methodology is
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commonly referred to as the Asphalt Mixture Performance Tester (AMPT) method and is
currently addressed in AASHTO PP79-12 (AASHTO, 2012).

To clarify, the dynamic modulus testing during this research effort remained at the
same four temperatures and six frequencies listed above and was not changed over the

duration for the project in light of new developments in the method.

3.1.2 Dynamic Modulus Master Curve

The dynamic modulus measures described in the previous section typically generates a
data set that is rationally organized into a six by four matrix. Since 24 data points from
each data set are difficult to comprehend and thus make meaningful comparisons
strenuous, it is a common practice to construct a dynamic modulus master curve utilizing
the principles of time-temperature superposition commonly applicable to viscoelastic
materials.

Graphically, an example of the measured dynamic modulus data is presented in
Figure 3.3. From a practical standpoint, the master curve is created by shifting each
respective isothermal frequency sweep groups along the horizontal axis until a single line

or master curve is formed as presented in Figure 3.4.
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It is acknowledged that for some materials such as certain polymers, vertical shifting is
also applied (i.e. vertical adjustment of the modulus values). The vertical adjustments are
generally attributed to changes in the volume, typically quantified as density, of a given
sample due to the temperature changes during testing (Mezger, 2011; Shaw and
MacKnight, 2005). These adjustments are typically quite minor in comparison to the
frequency shifting (i.e. horizontal) and typically are not applied to mixture evaluations.
Generally following industry practice, the master curve shifting methods utilized in this
study have only included horizontal shifting (i.e. shift factors applied to the reduced
frequency only).

In Figure 3.4, each of the frequency sweep groups measured at the same
temperature, isotherms, have been shifted by different amounts until they converge to the
single master curve relationship at a reference temperature (T;). The amount each
isotherm is shifted is known as the shift factor (ar) such that each isotherm will have one
respective shift factor. Figure 3.5 presents each of the respective shift factors for each of

the measured isothermal frequency sweeps as a function of temperature.
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Figure 3.5 Example of Dynamic Modulus Shift Factors, ay at T, of 70°F

It should be clear that time-temperature superposition is only applicable to thermo-
rheologically simple materials, that do not change their structural character within the
temperature range being considered (Mezger, 2011). In other words, simple lateral
shifting along the frequency axis yields a single master curve relationship. Another
method which can be utilized to determine thermo-rheologically simple behavior is to
consider the vector components, i.e. E’ and E”, of the complex modulus (E*) in this
instance. If the vector components are shifted and the respective shift factors are plotted
in a manner similar to Figure 3.5, the two shift factor relationships as a function of
temperature should overlap or become one ar curve. If convergence does not occur, then

a master curve cannot be legitimately created without more sophisticated analyses (e.g.
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vertical shifting and thus the materials have not exhibited thermo-rheologically simple
behavior (Ferry, 1980)).

The method of shifting just described is often referred to as free shifting, meaning
that the shape of the master curve itself and the form of the shift factors are largely
dictated by the measured data directly. Another way to consider this point is to
acknowledge that neither the master curve nor the shift factors are confined by models,
equations, or other predetermined restrictions other than convergence to a single
relationship. While this type of shifting may be desired in many instances, it does require
many data points to assume a reliable relationship and dependable master curve.
Certainly more data than the dynamic modulus protocol utilized in this study could
provide.

In such cases when free shifting is not appropriate, other methods are typically
utilized and are often generalized as restricted shifting (Rowe et al., 2011). These
methods, including the free shifting method, are generally described as follows.

e Free shifting — the shifting conducted on multiple sets of isothermal data to form a
smooth master curve with the master and the shift parameters determined
independently.

e Functional form — the shifting is conducted in such a manner so that the master
curve, the shift function, or both are forced to fit a certain function form or
predefined equation.

e Shift function - the shifting is conducted in such a manner so that the shift

function is forced to fit a certain function form or predefined equation.
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e Functional form with descriptive function — shifting is completed similar to the
functional form method, except the parameters of the model or functions, either
for the master curve or the shift functions, have specific meaning often

phenomenological or similar physical significance.

As mentioned previously, the free shifting methods are generally preferred although
likely the most difficult to actually perform and require the greatest amount of measured
data as inputs. However, some of the functional form methods, especially those with
phenomenological structures, can sometimes aid in mild extrapolation of data for the
master curve construction.

Irrespective of the shifting protocol followed, once the shifting has been completed,
many different model forms and functions may be fit to the data. These forms are largely
complete during the so called restrictive shifting operations, but this practice also applies

to free shifted data as well.

The Standard Logistic Sigmoidal Function

Some of the more common master curve models are generally labeled as sigmoidal
functions. One of the most common versions is the symmetric sigmoidal function
incorporated into the Mechanistic Pavement Design Guide (MEPDG) (ARA, 2004). This
methodology, currently available in the AASHTOWare Pavement ME Design
(AASHTOWare, 2013) software package is presented in Equation 3.4. This function is

available from AASHTO PP61 (AASHTO, 2013) to accompany dynamic modulus data
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obtained from the Asphalt Mixture Performance Tester (AMPT) method of AASHTO

TP79 (AASHTO, 2013).

§ (Max — 6)
logE™| = &+ 1 + eB+viogfr Equation 3.4
where, |E*| - magnitude of complex dynamic modulus, psi (kPa);
6 - fitting parameter, signifying the lower asymptote of the master curve;
p - fitting parameter; influencing the frequency of the inflection point,
y - fitting parameter; characterizing the slope of transition (center) region

of the sigmoidal;
Max - the limiting maximum modulus estimated by the Hirsch model
(Christensen et al., 2003), psi (kPa);
fr - reduced or shifted frequency, Hz.
This model, along with the previous version presented in Equation 3.5 from AASHTO
PP62 (AASHTO, 2013), are likely the most common forms of sigmoidal functions
utilized for dynamic modulus master curve construction. It can be readily seen from

Figure 3.6 that this form is a symmetric form of a sigmoid function and is often referred

to as the standard logistic sigmoidal form. Note that the frequency of the inflection point

B
of the master curve can be found mathematically as 10( / V).
log|E*| = & .
Ogl | - + 14+ eB'H/lngfT Equation 3.5
where, « - fitting parameter; signifying the maximum difference between & and

Max in Equation 3.4, numerically a = (Max — §).
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Figure 3.6 Example of Symmetric Sigmoidal Function

The symmetric sigmoidal function was chosen for the development of E* master curves

produced in this research since it is currently the most commonly used method.

The Non-Symmetric Sigmoidal Function

It has been suggested that a more appropriate fit of the dynamic modulus data may be
obtained by allowing the measured data to have a stronger influence on the shape of the
master curve, as opposed to forcing the shifting of the data to fit the shape of the
symmetric sigmoidal function. Thus, an alternate form of the sigmoidal function has
been proposed which can take on a non-symmetric form (Rowe et al., 2009) as depicted

in Equation 3.6 and presented in Figure 3.7.
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a

[1+ /1e3+1’logfr]1//1 Equation 3.6

logE* = § +

where, A- fitting parameter which induces a non-symmetric shape to the
sigmoidal by controlling the height of the inflection point on the
master curve.

== « =|lambda =0.001

------ Lambda =0.5

e | ambda =1

= e= |ambda=2

Dyn. Mod. |E*|

Red. Freq.

Figure 3.7 Example of Non-Symmetric Sigmoidal Functions

Note from Figure 3.7 that when lambda, A, is equal to unity, the non-symmetric
sigmoidal function is numerically equal to the standard logistic sigmoidal form. On the
other hand, when the value of 4 is zero or below, the model itself begins to dramatically

decay and no longer provides realistic forms.

The 252P1D Model
A function that will be used in the analysis has been referenced previously as the

Modified Huet-Sayegh analogical model. The Huet-Sayegh model has been modified by
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adding a linear dashpot to two parabolic elements in series along with another spring as
depicted in Figure 3.8. Recent assessments of this model have further defined it as the
General 2S2P1D model following a shorthand notation of the mechanical elements

utilized in the model (Olard and Di Benedetto, 2003) as presented in Figure 3.7.

. E, —E,
EGoD) =Bt 1500 + (o + GwpD) Equation 3.7
where, : | - complex number, [ = V—-1;
w - angular frequency, w = 2nf;
Eo - static modulus when ® — 0;
Ex-  maximum limit of complex modulus when ® — oo;
h,k- exponents such that 1>h>k>0;
0 - dimensionless constant,
B - dimensionless constant, f = N /T( E. — Eo); when w — 0,
then E*(iwt)~E, + iwn
n- dashpot coefficient or Newtonian viscosity;
T - characteristic time, which varies only with temperature.

E--Eo
k
Eo
h
ﬁj !

Figure 3.8 Mechanical Elements of 2S2P1D Model

Olard and Di Benedetto (Olard and Di Benedetto, 2003) and Dave (Dave, 2009) credit
Huet with the proposal of parabolic relationship for the viscoelastic response of

hydrocarbon based materials (Huet, 1963), i.e. asphalts. The addition of the other
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mechanical elements soon followed, creating the Huet-Sayegh model (Sayegh, 1965).
Practically speaking, the parabolic elements represent a peculiar dashpot with a
constitutive relationship that follows a parabolic shape with time as represented in

Equation 3.8.

£) = 2tk
&) = A Equation 3.8

where, : €(t) - parabolic dashpot strain as a function of time;
o- applied stress;
A, k- experimental parameters with 0<k<I1,
t- time of applied loading.

A convenient method to display the parameters utilized in the 2S2P1D model is to
consider the results in the Cole-Cole plane, or E’ vs E” (Di Benedetto et al., 2004) as

depicted in Figure 3.9.
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Figure 3.9 Example Cole-Cole plot for Dynamic Modulus of Mixtures
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The Christensen-Andersen Models

A master curve function that is traditionally used with the asphalt binder shear modulus
values was developed by as Christensen and Anderson, known as the “CA model”
(Christensen and Anderson, 1992). However, if measurements of shear modulus are
obtained for asphalt mixtures, the same functional form may apply (Zeng et al., 2001).

The CA model is presented in Equation 3.9 and Equation 3.11.

G*
G* = g .
K]k
14+ (fc /f> Equation 3.9
90
6=——7—"—
1+(f Equation 3.10
+ ( / £ ) q
where, G*- complex dynamic shear modulus, kPa;
Gg -  glass complex modulus, kPa;
fe - crossover frequency, degrees;
f- reduced frequency, Hz or rad/s;
k - shape parameter, dimensionless;
6 - reduced phase angle, degrees.

The CA model was generally understood to be a restricted form of the more general
equation proposed by Christensen, Anderson, Sharrock, and Bouldin, CASB (Rowe et al.,
2001). This general equation included additional shape parameters which provided better
data fitting abilities of G* especially when the phase angle was considered. The general

forms are depicted in Equation 3.11 and Equation 3.12.
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G*
G* = 9 o
k
14 (fc /f> Equation 3.11
_ 90m,
- k
1+ (f/f ) Equation 3.12
C

where, m,, k - shape parameters.

From this base model it has been shown that the Christensen-Anderson-Marasteanu,
CAM model (Marasteanu and Anderson, 1999) can be generalized with a modified power
law to apply to asphalt mixtures as well as asphalt binders (Zeng et al., 2001). Through
this modification, the CAM model is adjusted to include non-symmetric parameters as
shown in Equation 3.13 which is also presented in Figure 3.10. To simplify, the modified
CAM model may be applied to asphalt binders by setting G, equal to zero, which will

return the original CAM model of Equation 3.11.

G, — G,
G' =G+ T
Kl k
1 fe Equation 3.13

To provide further clarification of the shape parameters, m, and k, additional equations
have been derived to accompany Figure 3.10 as described in Equation 3.14, Equation

3.15, and Equation 3.16.
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G\ /me
I e
fe =fe <G_5> Equation 3.14
2"k
R =log
1+ (zme/k _ 1) Ge /G* Equation 3.15
9
G o\ /m _mE/k
R =logil+(Z—-1)[1+(Z .
G} G} Equation 3.16
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Figure 3.10 Christensen-Anderson-Marasteanu Model Parameters

It should be noted that Figure 3.10 generally includes the parameter names associated

with the CAM model as other forms have been used elsewhere.
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Several other versions of the CASB model have been utilized and deemed
appropriate for a number of applications. The two most commonly referenced versions
of the CASB model are known as the Christensen-Anderson-Sharrock, CAS model,
(Rowe et al., 2001) and the previously noted Christensen-Anderson-Marasteanu, CAM
model (Marasteanu and Anderson, 1999). Table 3.1 presents a summary of the overall
model parameters, Equation 3.13, relative to their naming convention as well as their

usage in the model fitting procedure.

Table 3.1 Christensen-Anderson-Sharrock-Bouldin Model

Parameters
Number of .
Model Name Assumed Fitted Fitted
Parameter Parameters
Parameters
Asphalt Mixtures
Mod. CAM N/A 5 Ge,Gg k,me, f
Asphalt Binders
G, =0
CASB Ge* = O 4 GE; kP me; f
G, =0
CA Gg* =3%103MPa 2 k, f
m, =1
G, =0 X
CAS m, = 1 3 Gg, ke, f
G, =0
CAM s = 34 103MPa 3 k. Me, f
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It should be noted that the most robust model is the modified CAM and the CASB due to
their enhanced flexibility and widest range of material response. However, the more
simplified models have been found useful for certain circumstances where the full form is
not necessary. The simplified models generally can be utilized with less material
properties as some parameters of the full model are assumed. The appropriateness of the
reduced models largely depends on how valid each respective assumption may be to the

data set under consideration.

The Prony Series
In keeping with the mechanical element modeling procedures, two more commonly used
representations of viscoelastic behaviors; generalized Maxwell-Weichert and generalized
Kelvin-Voigt models, are collectively referred to as Prony series equations (Park and
Schapery, 1998).

The generalized Maxwell-Wiechert model consists of a spring and m number of
Maxwell mechanical elements connected in parallel as shown by Equation 3.17. The

Maxwell elements consist of a spring and a dashpot connected in series as in Figure 3.11.

m
= . _(t/Pi)
E(®) = Ee + Z Eie Equation 3.17
i=1

where, : E(t) - relaxation modulus as a function of time;

E, -  equilibrium modulus;

E;- relaxation strength,

pi- relaxation time;

m- number of Maxwell elements;

t- time of applied loading.
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Figure 3.11 Schematic of Maxwell Element

Similarly, the creep compliance can be represented by the Kelvin-Voigt model, which
consists of a spring and a dashpot in series with n number of Voigt elements depicted by
Equation 3.18. The Kelvin-Voigt element consists of a spring and a dashpot connected in

parallel as presented in Figure 3.12.

D(t) = Dy + Ly Z D; (1 — e‘(t/ff))
9" 1, J Equation 3.18

where, : D(t) - creep compliance as a function of time;

Dy - glassy compliance;
No - zero shear or long time viscosity;
D;- retardation strength,
Tj- retardation time;
n- number of Voigt elements;
t- time of applied loading.

=,

|
I—
k

Figure 3.12 Schematic of Voigt Model Element
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It should be noted that other representations of the Kelvin-Voigt model have been utilized
with the viscosity term, 7y, excluded from Equation 3.18 (Hu and Zhou, 2010). As a
matter of convenience, it has been shown that the relaxation spectra, e.g. Maxwell-
Wiechert model, and the creep compliance curve, e.g. Kelvin-Voigt models can be
interconverted with each other, which may prove a useful tool for certain circumstances
(Park and Schapery, 1998; Hu and Zhou, 2010).

Many other representations of these same models components have also been
suggested as model for asphalt materials. As an example the Burgers model is generally
described as a Maxwell element in series with a number of Kelvin-Voigt elements.
Since, these model forms are not explicitly used in this study, no further consideration of
these models merits further discussion. However, the Prony series relationships are
provided as a reference and will also be utilized in discussions specific to the master
curve relationships noted specifically with the asphalt binder measures.

The previous discussions of available master curve models and the following
section pertaining to proposed shift functions is not intended to be a comprehensive
record of all models available, but rather an exemplary compilation of the varied forms

most commonly available.

Viscosity-Temperature Susceptibility Shift Function

For the most part, the specific master function used does not necessarily dictate the shift
function used to obtain the master curve. However, certain shift functions are commonly
paired to certain master curve functions which are sometimes specified together. For

instance, AASHTO PP62 (AASHTO, 2012) specifies two options for the shift functions
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to accompany the standard logistic sigmoidal form of Equation 3.5 by utilizing data
produced according to AASHTO T342 (AASHTO, 2012). Those two options are
presented as the MEPDG shift factors and the second-order polynomial function. The
MEPDG shift factors, also referred to as the A-VTS or viscosity-temperature
susceptibility method, utilizes the measured viscosity of the asphalt binder to dictate the

shifting function as provided in Equation 3.19.

log f, = log f + c(logn — lognr,) Equation 3.19

where, : f, - reduced or shifted frequency, Hz.;
f- loading frequency at the test temperature, Hz.;
c- fitting coefficient;
n- viscosity of the binder at the test temperature, cP;
N1, -  Viscosity of the binder at the reference temperature, cP;
Tr -  reference temperature in Rankin, °R.

The viscosity, 17, used in Equation 3.19 can be found using the A-VTS parameters found

in Equation 3.20 and depicted in Figure 3.13.

— [A+VTSlogT]
logn =10 Equation 3.20
where, : 1 - viscosity of the binder at the desired temperature T, cP;
A- intercept of the viscosity-temperature relationship, cP;

VTS - viscosity-temperature susceptibility or slope of A-VTS plot;
T - test temperature of interest in °R = (°F + 459.67).
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Figure 3.13 Example A-VTS relationship

A relatively convenient method for determining the asphalt binder viscosity can be
conducted using the dynamic shear rheometer (DSR) following ASSHTO T315

(AASHTO, 2012) and inputting the results into Equation 3.21 (Witczak, 2005).

G* /1 \48628 ox 1 48628
=70 (sin 6) ~ 10 (sin 6) Equation 3.21
where, : 7 - viscosity of the binder, cP;

G*- binder complex shear modulus, Pa;

6 - phase angle of binder complex shear modulus, degrees;

10 -  represents the testing frequency of 10 rad/s.

Thus the relationship for the shift factors (ar) from the A-VTS method takes the form of

Equation 3.22.
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log ar = C(lo[A+VTSlogT] _ 1O[A+VTSlogTR]) E " 322
quation 3.

where, : ar - shift factor as a function of temperature, T

c- fitting coefficients;
Second-Order Polynomial Shift Function
The other shift function available in AASHTO PP62 (AASHTO, 2012) is the second-
order polynomial. While other polynomial functions of different exponential orders may
be used AASHTO PP62 recommends the second-order function shown in Equation 3.23.
The relationship for the shift factors, ar, from the second-order polynomial function takes

the form of Equation 3.24 (Witczak, 2005).

logf, =logf +a,(Tg — T) + a,(Tg — T)?

Equation 3.23

where, : f, - reduced or shifted frequency, Hz.;

f- loading frequency at the test temperature, Hz.;

a,, a, - fitting coefficients;

Tk - reference temperature in Rankin, °R;

T - test temperature of interest in °R.

— T2

logar = aT™ +bT +c¢ Equation 3.24
where, : ay - shift factor as a function of temperature, T’

a, b, c - fitting coefficients;

T - test temperature of interest in °F or °R.

Arrhenius Shift Function
AASHTO PP61 utilizes data from AASHTO TP79 (AASHTO, 2012) following the
AMPT method to fit the modified symmetric sigmoidal function presented in Equation

3.4 by conducting the shifting with an Arrhenius function presented in Equation 3.25.
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Thus the relationship for the shift factors, ar, from the Arrhenius function takes the form

of Equation 3.26.

] _1 N AE, (1 1)_1 N AE, (1 1)
09fr =108 ) +1994712\7 1) T 18 T 1y \T T T Equation 3.25
where, : f; - reduced or shifted frequency, Hz.;
f- loading frequency at the test temperature, Hz.;
AE, - activation energy, here treated as a fitting coefficient;
T - test temperature of interest in °K. Kelvin;
Ty - reference temperature, °K;
R - ideal gas constant, 8.314 J/(°K mol).
1 _ AE, (1 1)_ AE, (1 1)
%84T = 1914714\T T.) "R(n10)\T T, Equation 3.26

It should be noted that the Arrhenius form should only be considered for low-viscosity
fluids or when the temperatures for the material of interest are above T > T, + 100°K
(Mezger, 2011.). However, others have reported the usage of Arrhenius at much colder

temperatures, even below T; (Rowe et al., 2009).

Williams, Landel, and Ferry Shift Function

One of the more classic shift functions commonly used for the shifting of rheological data
is typically referenced by the original authors’ names Williams, Landel, and Ferry or the
WLF equation (Williams et al., 1955). This function as depicted in Equation 3.27, has

been commonly used and is generally viewed as an empirical relationship.
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- (T )

loga .
§dr = c, + (T T,) Equation 3.27
where, : ay - shift factor as a function of temperature, T;
c1,Cy - fitting coefficients;
T - test temperature of interest, °C, valid for Ty < T < Ty + 100°C;
T, - glassy transition temperature often taken as the reference temp., °C.

However, the original WLF manuscript based upon polymer materials, as well as others
(Ferry, 1980), have suggested that the fitting parameters are related to the fractional free
volume of the molecular structure of the material at hand. Recognizing that free
molecular volume is not easy to measure, the parameters are typically used as fitting
coefficients. However, it has been suggested that c; determines the location of the
inflection point and the c, parameter can be an indication of the temperature
susceptibility of a binder, which also increases with binder aging (Rowe, 2012; and
Yusoff et al., 2011). It has also been noted that the WLF relationship is valid for

temperatures near T, to T, + 100°K (Rowe et al., 2009).

Kaelble Shift Function

As a result of often questionable shifting at lower temperatures with the WLF function, a
slight modification made by adding the absolute value of the temperature difference in
the denominator of the WLF function has been proposed (Kaelble, 1985) and is presented

by Equation 3.28.
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—C1(T - Tg) (T —Ty)

logar; =

e +|T— T, o+ T - Ty Equation 3.28
where, : ay - shift factor as a function of temperature, T;

c1,Cy - fitting coefficients;

T - test temperature of interest, °C, valid for Ty < T < Ty + 100°C;

T, - glassy transition temperature often taken as the reference temp., °C.

T, - defining temperature °C.

However, the form referencing T specifically requires that the inflection point of the
sigmoidal function described by Kaelble must occur at the glass transition temperature
(Rowe et al., 2009). Thus, it may be more appropriate to consider the right hand version
of Equation 3.28 and replace T, with a defining temperature noted as T; (Rowe and
Sharrock, 2011). However, this still requires that the defining temperature, T4, and the
reference temperature be the same. This occurrence may be negated by introducing
another term to separate the defining and reference temperature (Rowe and Sharrock,

2011) as presented in Equation 3.29.

B T—-Ty T, —Ty
logar = —¢; <C2 FIT =Tyl ¢, +IT, — Td|> Equation 3.29
where, : ay - shift factor as a function of temperature, T;
c1,Cy - fitting coefficients;
T - test temperature of interest, °C or °K;
T, - glassy transition temperature;
T,.- defining temperature, sets the location of the inflection point in the shift

function.
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The ability to distinguish between the shape defining term and the reference temperature

term, makes the modified Kaelble function more useful when shifting data at both above

and below the glassy transition temperatures.

A graphical example of the differences between the Arrhenius, WLF, and Kaelble

shift functions was provided by Rowe, Baumgardner, and Sharrock (Rowe et al., 2009)

and is presented in Figure 3.14.
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Figure 3.14 Example Common Shift Functions (Rowe et al., 2009)

Log-Linear Shift Function

The log-linear shift function is one that has been proposed but has not seen as wide of

usage as the previous methods discussed, but still has seen some applicability to asphalt
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mixtures (Yusoff et al., 2011). However, due to its simplicity it will be briefly described

as presented in Equation 3.30.

T
! (—) = B(T-T .
ogar|7) = AT =T Equation 3.30
where, : ay - shift factor as a function of temperature, T;
B - slope of linear relationship between log a; and temperature;
T - test temperature of interest, °C or °K;
T, .- reference temperature.

Selected Master Curve Forms

Of all the methods discussed in this section, this study largely utilized the symmetric
sigmoidal and the 2S2P1D functions fitted to the measured dynamic modulus data
discussed in later sections. The shifting for the symmetric sigmoidal form typically
followed the second-order polynomial shift function as did the fitting of the 2S2P1D
master curves. Even though the Kaelble shift function is recommended due to the
increase in fitting capability, it was deemed not necessary for this research largely due to

the lack of measurement above and below the glassy transition temperature.

3.1.3 Uniaxial Thermal Stress Specimen Test

The Uniaxial Thermal Stress Specimen Test (UTSST) has recently been developed at the
Pavements/Materials program of the University of Nevada, Reno in collaboration with
the University of Wisconsin-Madison (UWM). Strictly speaking, a separate method is
being developed at each university with the collaboration yielding a single proposed

AASHTO test method. The UWM method, known commonly as the Asphalt Thermal
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Cracking Analyzer (ATCA) uses a slightly different sample and preparation method
along with minor differences in the test protocol as described by Method B in the most
current proposed method found in Appendix A. In general, the UTSST and the ATCA
methods produce comparative data and thus the calculation methods may be applied to
both methods. The UTSST will be presented followed by a discussion of the data
analysis.

The origin of the UTSST method stems from the Thermal Stress Restrained
Specimen Test (TSRST) (AASHTO, 1995). The TSRST test was originally developed as
a part of Strategic Highway Research Program (Jung and Vinson, 1994). In the TSRST,
an asphalt mixture specimen is started at an initial temperature, typically five or 20°C,
then subjected to a temperature drop until fracture while the height of the specimen is
kept constant. The TSRST test has been successfully utilized in pavement research to
evaluate low temperature cracking properties of asphalt mixtures through measurements
of fracture stress and fracture temperature. The TSRST test method had been initially
published as AASHTO standard TP10. However, it has since been dropped from the
current AASHTO standards, but recently has been included in European standard to
characterize asphalt mixtures for thermal cracking resistance EN12697-46 (European
Standard, 2012).

TSRST tests conducted over many years at the University of Nevada, Reno led to
the observation that the thermal stress build-up often varied between replicate samples of
the same asphalt mixture with prismatic specimens while the variability of the test results,
both the fracture stress and temperature, were at an acceptable level. In order to proceed

with viable calculations of a modulus value and other thermo-viscoelastic properties of
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the asphalt mixtures, the thermal stress and strain development curves needed to be
highly repeatable between replicates of a given mixture. After a lengthy investigation
into sample geometry, preparation methods, epoxy type selection, and gluing techniques,
the final recommended test procedure outlined in Method A of the draft AASHTO
procedure was developed and is listed in Appendix A.

The use of cylindrical specimens from Superpave gyratory-compacted (SGC)
mixtures were found to improve the repeatability of thermal stress and strain
development curves as a function of temperature when compared to prismatic specimens
traditionally used in the TSRST. It should be clearly noted that the ability to conduct the
TSRST method on either prismatic or cylindrical specimen was supported by previous
researchers (Jung and Vinson, 1994; Marasteanu et al., 2007). The SGC method of
compaction was sought in order to reduce the overall variability of the mixture
volumetrics, specifically the bulk air void content. By compacting the mixtures
volumetrically, i.e. to a specific height, much better control over the overall air void level
and much more repeatable sample production is possible compared to previously used
compaction methods, i.e. beam specimens from modified kneading compactors.

In order to maintain consistency with actual field conditions, cored specimens for
the UTSST were cut from the SGC samples perpendicular to the axis of compaction as
depicted in Figure 3.15 (Cortez et al., 2011). This was supported by several studies
clearly demonstrating the anisotropic nature of compacted asphalt mixtures (Zhang et al.
2012; Wagoner and Braham, 2008; Christensen and Bonaquist, 2004). This effort was

further supported by the practical fact that asphalt mixtures placed in the field are
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compacted in the vertical direction, but the expected geometry of a developed thermal

crack will be a horizontal separation, i.e. perpendicular to the axis of compaction.

150 mm 140 mm

<
57 mm

Figure 3.15 UTSST Specimen Geometry

Stemming from the change in geometry of the TSRST specimens, a significant effort was
put forth to assure the proper alignment of the specimen, platens, and loading frame
during the TSRST and subsequently the UTSST procedures. The end result of several
modifications on a trial and error basis yielded the positive pedestal machined into the

end platens as depicted in the draft AASHTO standard and Figure 3.16.

Figure 3.16 UTSST Platen Geometry
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The platen modification, when coupled with the additional axis alignment modification to
the gluing jig and procedure, produced UTSST specimens with attached load patens that
were satisfactorily in axial alignment. The modification to the gluing jig included
additional axial restraints to limit the lateral movement noted with threaded connections
on the current connecting rod used to fix the bottom platen. An additional restraint was
added to the top connecting rod similarly to prevent lateral displacement even though this
rod was manufactured with a smooth shaft and associated bushing. Further, refinement
was added by means of lateral contact plates (i.e. hinges fixed to the back of the jig that
the restraint screws pressed upon), to provide a larger bearing surface to restrain the

cylindrical specimen during gluing. These modifications are outlined in Figure 3.17.

Specimen
Restraint

Axial
Restraints

“Contact
Plates

Figure 3.17 Modified UTSST Restrained Specimen Gluing Jig
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A significant improvement to the previous TSRST method was the addition of a modular
feature allowing the direct measurement of the resulting thermal strain developed within
an unrestrained specimen concurrently with the stress development measurements from
the restrained specimen during the temperature reduction or thermal loading of the test.
The unrestrained specimen was constructed of two 57 mm diameter cylindrical
specimens glued together using a thin layer of an appropriate epoxy, Devcon® 10110.
The two specimens were chosen to have similar volumetric properties and physical
dimensions and thus act nearly as one uniform specimen. The two specimens were fixed,
end to end, to provide a longer gauge length for the unrestrained specimen adding to the
reliability of the measurement while permitting the sample compaction using the SGC
and perpendicular specimen coring as previously discussed. The retention of the same
specimen geometry as the restrained specimen was a matter of convenience for the
preparation time and equipment as well as to provide the same physical properties as the
restrained specimen, which is an important characteristic to maintain for later
calculations.

As part of the development of the unrestrained specimen, it became apparent that
the location of the measurements, i.e. location of the linear variable differential
transformers (LVDTs), may potentially influence the measurements. This was found to
be the result of a limited temperature range of commonly available LVDTs. Other
measurement devices were also investigated, such as clip gauges and extensometers.
However, the appropriate thermal range of those devices did not readily prove sufficient
either. As a result, it was determined to be advantageous to perform the unrestrained

measurements outside of the temperature controlled chamber as depicted in Figure 3.18.
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To physically be able to place the LVDTs outside the temperature chamber, extension
rods were affixed to the outer ends of the unrestrained conglomerate specimen. These
rods were specifically manufactured out of invar, a high-nickel steel, resulting in a
thermally stable material, i.e. low coefficient of thermal expansion/contraction. The
invar rods were attached to the unrestrained specimen with the same epoxy utilized
throughout the remainder of the UTSST procedure. A separate gluing jig for the
unrestrained specimen was also designed specifically for this purpose and is shown

schematically in Figure 3.19.
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Figure 3.18 Schematic of Uniaxial Thermal Stress and Strain Test
(UTSST)
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Figure 3.19 UTSST Unrestrained Specimen Gluing Jig

During the execution of the UTSST, the restrained specimen is restricted from movement
as determined through the associated LVDTs which are held to a zero net displacement
by the measured load applied by the servo-hydraulically controlled ram. Concurrently,
the LVDTs mounted outside the chamber and in direct contact with the unrestrained
specimen record the deflection from both ends of the unrestrained specimen. The
environmental control unit is set to the desired rate of temperature reduction of 10°C per
hour in this study. The internal specimen temperature determined by recording the
temperature at the surface of the control specimen using a surface resistance temperature
detector (RTD) temperature probe as depicted in Figure 3.18.

Previous thermally controlled measures of this type often utilize temperature
measurements from the interior or center of control or dummy specimens. During the
development of the current procedure, it was realized that such measurements may not be
the most appropriate for such loading conditions. It stands to reason, similar to the

UTSST procedure that the actual initiation of a thermal crack occurs at or very near the
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surface of the pavement and consequently the outer surface of UTSST specimen. Several
factors contribute to this conclusion including consideration of the thermal loading as a
function of depth in a pavement section. It is generally understood that the largest
temperature fluctuation occurs at the interface between the pavement and ambient
atmosphere, i.e. the pavement surface. Since it is either the low overall temperature or
large fluctuations in temperature that induce the highest thermal loading, it is logical to
deduce that thermal cracks initiate at the pavement surface which corresponds to the
surface of the UTSST specimen. Therefore, the change in temperature near the expected
point of failure should be determined at that location as well. Further, the temperature
difference, or lag, between the actual chamber temperature, control specimen surface
temperature, and the center of a control specimen varies with the cooling rate. Typical
measures in the laboratory vary from almost no lag for a cooling rate of 2.5°C/hr., up to
almost 2 to 2.5°C for a rate of 17.5°C/hr., with a common temperature lag of about 0.3 to
0.6°C for a cooling rate of 10°C/hr.

It has been stated that a potential concern with TSRST and thus UTSST methods is
that the fracture of the restrained specimen ideally should occur in the middle of the
specimen (Jung and Vinson, 1994; Bolzan and Huber, 1993). Further, some suggest that
any fracture outside the middle one-third of the sample length may be suspect and thus
may not be considered a valid measurement. While many UTSST specimens do break
within the desired middle third of the specimen length as depicted in Figure 3.20. It has
also been observed that a significant number of UTSST specimens obtained from SGC
specimens do ultimately fracture outside the desired middle third of the specimen as

depicted in the Figure 3.21.
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Figure 3.21 UTSST Asymmetrical Specimen Fracture

Several aspects specific to the methods of specimen preparation are suspected to
contribute to this asymmetrical fracture pattern. The main contributor is suspected to be
the non-uniform air void distribution within the parent SGC samples. It has been shown

that typical samples compacted by SGC have up five or even ten percent higher air voids
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at the top as compared to the bottom of the sample (Masad et al., 1999). Similar,
although lesser magnitude, air void differentials were directly measured along the length
of UTSST specimens as depicted in Figure 3.22. To clarify, the length dimension of the
UTSST specimen would run along the horizontal direction of the SGC sample, i.e.

perpendicular to the axis of compaction as in Figure 3.15.

erage

oly. (Average)

Figure 3.22 Longitudinal Air Void Distribution of UTSST Specimen

As can be seen in Figure 3.22, there is a definite air void gradient between the middle and
the ends of the specimen. It is a logical conclusion that the fracture will occur at the
weakest location along the longitudinal axis of the UTSST sample. This is likely to occur
closer to the ends of the specimen rather than at the center simply as a result of the higher
air void content. Simply put, the higher the air void content of a particular cross section,
the lower the density leading to a reduction in strength.

Additional justification for the fracture near the end of the specimen could be
related to differential aging within the test specimens. This controversial topic will be
discussed at length in later sections, however there is a possibility that the material in
closer proximity to the exterior of the specimen, in this case the ends of the longitudinal

UTSST specimens, will be more oxidized and thus more prone to cracking. To be clear,
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this aspect of differential oxidation with pavements depth is arguable, however the
potential for such occurrences do exist.

To further validate the compaction and differential aging of the specimens as the
potential source of asymmetrical fracture, several UTSST specimens obtained in the
perpendicular to compaction from field cores were tested. Although direct comparisons
of the same mixtures compacted in the field and in the SGC were not available, all the
field cores that were tested (around six specimens) did result in ultimate fracture within
the center third of the specimen length.

Due to the increased popularity of the UTSST or even TSRST methods, many new
developments in equipment and software are beginning to become available on the open
market. Some of the proposed devices have certain aspects which cause concern to both
the method and the results produced from such devices. Most of the devices on the
market propose to have some sort of closed-loop control system to monitor and adjust to
maintain the constant height of the restrained specimen. Whether the system is servo-
hydraulic, mechanical step motors, or pneumatic may or may not make a significant
difference as long as the data acquisition and adjustments are made in a sufficiently fast
and smooth manner to prevent jumps in the measured load of more than a few pounds or
kilograms.

To avoid this potential jump in the applied load, some devices have been proposed
which do not use a closed loop or controlled restrained specimen setup but rather a fixed
or otherwise rigid frame to lock the restrained specimen and thus retain its height. The
majority of these types of restraint systems use a load cell between the restrained

specimen and the rigid frame to electronically measure the load developed, a necessary
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measurement. Concern arises from the usage of such restraint systems due to the fact that
a load cell is little more than a calibrated spring following Hooke’s law as presented in

Equation 3.31.

F=K() Equation 3.31
where, : F - Force or load applied to the load cell;

K - spring constant, essentially the elastic modulus of the load cell;

6 - deflection measured within the load cell.

This requires, by definition, that any load measured in the restrained system must be
accompanied by a measured deflection. While most load cells are designed to keep the
overall deflection small, there still needs to be some physical displacement. This
potential movement becomes an item of concern when measuring the load developed
within a restrained specimen such as in UTSST measurements because very small
deflections will generally result in significant reductions in the produced load developed
by contraction of the mixture. This load reduction may be considered in the analysis as a
relaxation or viscous response of the material, when it really is an artifact of the test
setup. A simple consideration of the unrestrained or CTC measures indicate very small
movements in the system with temperature, such that any movement permitted in the
restrained specimen can logically be viewed as misinformation. This does not explicitly
state that the closed loop system do not have any deflection themselves, it merely
suggests that attempts should be made to limit such deflections as much as possible in all

systems.
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This realization is attributed, for the most part, to developmental experiments in
which a threaded pedestal was added as a matter of convenience between the restrained
specimen and the load platens. Referencing Figure 3.16, the external pedestals were
attached to the load platens, and thus to the constant height LVDTs, through a threaded
connection. This threaded connection was initially torqued to very tight levels, though
not to measurable amounts with a pipe wrench. When a sample was glued and tested in
the UTSST setup, enough deflection resulted from the threaded connections that the
sample did not fracture. The same mixture was previously determined to fracture at
approximately -22°C, but the test with the threaded connections did not fracture even
when the temperature was reduced below -40°C. These measures led to the conclusion
that very small deflections can yield sufficient relaxation of the stress, which can
significantly affect the overall response of the restrained specimen.

Additional caution is advised when testing cooling rates that are too far above
practical pavement temperature drops. Although a matter of great convenience, applying
cooling rates that are too fast may not permit the mixture to behave appropriately (Bolzan
and Huber, 1993). After much study and consideration of the UTSST results, the test
conditions can be simplified to the basic idea of competing effects between the thermal
contraction and relaxation of the mixture over time. The cooling rate effectively applies
the thermal loading to the restrained specimen, while at the same time the mixture itself
will relax those same induced stresses. Under a slow enough cooling rate a tremendous
amount of thermal contraction can be expected to relax out of the specimen. Of course,
this is dependent upon the actual temperature, with less relaxation occurring at colder

temperatures especially below the glassy transition temperature (Ty). Considering the



56

opposite end of the spectrum, too high of cooling rates would artificially reduce the
effects of relaxation with the thermal contraction quickly becoming the dominant
response.

A secondary concern specific to overly fast cooling rates is to consider the thermal
gradient within the sample itself. It is understood that the restrained specimen is cooled
based on thermal conduction, i.e. being in direct contact with the temperature conditioned
air within the cooling chamber. This necessitates that the surface of the specimen will be
cooled faster than the interior, which is also dependent upon the thermal conductive
properties of the mixture relative to the cooling rate applied. If extreme cooling rates are
applied without considering these effects or verifying the validity of the results, the
resulting calculations may be unknowingly skewed. Further consideration of cooling
rates on UTSST results have been considered as part of this overall research effort and
are discussed elsewhere (Alavi et al., 2013; Hajj et al., 2013; Morian et al., 2014; Alavi

and Hajj, 2014).

UTSST Calculation and Data Processing

While the UTSST is being conducted, the data acquisition system records; (at regular
intervals over the test duration) ram displacement, applied load, displacement of the
restrained LVDTs, displacement of both unrestrained LVDTs, and the temperature of the
surface RTD on the control specimen. These measures are directly input into the data
analysis and calculation methods that follow. This calculation procedure and further

background information has been published elsewhere with the expressed
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acknowledgement of the contribution of Zia Alavi (Alavi et al., 2013; Hajj et al., 2013;
Morian et al., 2014; Alavi and Hajj, 2014).

The measured thermally-induced stress in the UTSST restrained specimen can be
related to the corresponding measured strain in the unrestrained specimen using the
uniaxial constitutive equation for linear viscoelastic materials, i.e., Boltzmann equation
(Christensen, 2003). The Boltzmann equation can be written in terms of thermal stress,
thermal strain, and the UTSST modulus as in Equation 3.32. In the discrete form,

Boltzmann’s superposition integral can be written as depicted in Equation 3.33.

t L 0e(t)
o(t) = jo E.(t—t )Tdt Equation 3.32

where, : o(t) - thermal stress;
E,.(t) - relaxation modulus;
g(t) - thermal strain;

t'.- variable of integration.
n

ot = ) Bty = t) X (2(t) = £(ti-1) Equation 3.33
i=1

where, : n - time index;

o(ty) - initial stress condition, set to zero;

e(ty) - initial strain condition, set to zero.
By considering the synchronized measurements of thermal stress and thermal strain, the
UTSST modulus at each temperature can be derived from the discrete form of

Boltzmann’s superposition principle according to Equation 3.34.



58

(0(tnsn) = B Etnes — t) ((t) — £(t:-0)) )
E(T(ty) = £(t) Equation 3.34

Figure 3.23(a) presents an example of the UTSST modulus curve derived from the
thermal stress and strain measurements of an asphalt mixture based on Equation 3.34.
The modulus of the mixture as a function of temperature follows similar trends as that of
linear amorphous polymer materials, as depicted in Figure 3.23(b). Five characteristic
stages were defined based on the response of the calculated modulus as a function of
temperature for amorphous polymeric materials. Those stages are: glassy, glassy
transition, rubbery, rubbery flow and liquid flow stages (Sperling, 2006).

From Figure 3.23, it can be readily observed that the characteristic shape of the
asphalt mixture, Figure 3.23(a), closely resembles that of the polymer, Figure 3.23(b).
There are some noted differences between the two, mostly near the limits of the data in
each case. It appears from the figure that the polymer was not tested to complete failure,
or much past the onset of the glassy response. On the other hand, the asphalt mixture
exhibits another region which is related to crack initiation within the asphalt specimen as
the testing progresses toward ultimate fracture and failure of the sample. Furthermore,
due to the physical limitations of the material, the asphalt mixtures were not fully
characterized in the region known as liquid flow for the polymer. Due to these slight
discrepancies and the fundamental differences between homogeneous materials (i.e.
polymers) and heterogeneous (i.e. asphalt mixtures) the characteristic points of the
modulus as a function of temperature curve have been renamed to the five properties

noted in Figure 3.23(a) discussed below. Figure 3.24 presents an example of the
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measured thermal stress and strain during the UTSST. Figure 3.25 identifies the various

characteristic properties of the thermal relaxation modulus derived from those measures.
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Figure 3.23 (a) Example UTSST Modulus of an Asphalt Mixture and
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Figure 3.25 Example of Derived UTSST Modulus

After conducting the UTSST procedure and performing the associated calculations, a plot

of the UTSST modulus as a function of temperature can be prepared as shown in Figure

3.25. Considering the second derivative of that relationship yields further information

including the thermo-viscoelastic properties also depicted in Figure 3.25. Those five

properties are determined as discussed in the following sections.

Viscous Softening: At this stage the UTSST modulus of the asphalt mixture
increases rapidly, mostly in a linear fashion, with decreasing temperature. The
point of viscous flow can be identified as the temperature at which the second
derivative of the UTSST modulus with respect to temperature reaches zero on
the warmer temperature side.

Viscous-glassy Transition: At this stage the glassy properties of the material
become more dominant over the viscous properties. The transition stage can be
detected as the point at which the second derivative of the UTSST modulus with

respect to temperature reaches a maximum.
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e Glassy hardening: At this stage the behavior of the asphalt material is almost
completely glassy. The glassy hardening stage can be identified as the point at
which the second derivative of UTSST modulus with respect to temperature
reaches zero on the colder temperature side.

e Crack initiation: In this stage micro cracking occurs in the specimen due to the
induced thermal stresses when the material behavior is glassy or brittle. This
stage is identified as the maximum value of the UTSST modulus as seen in
Figure 3.25. An instantaneous decrease in the calculated UTSST modulus
reveals that the asphalt mixture specimen is no longer uniform as a result of
initiation of micro cracks in the specimen, i.e. discontinuities with in the cross
section of the specimen.

e Fracture: At this stage the asphalt mixture specimen breaks due to the
propagation of micro cracks as a result of the induced thermal stresses as
depicted in Figure 3.24 and Figure 3.25. It should be noted that other researchers
have also observed that mixture failures in the TSRST do not always exhibit
clear brittle fracture (Pucci et al., 2004). They observed a reduction in the slope
of thermal stress curve prior to ultimate fracture. This behavior was referred to

as the initiation of micro cracks.

Further discussion on the specific interpretation of the thermo-viscoelastic properties
measured utilizing the UTSST will be reserved for the relevant portions of the test results

and data analyses sections.
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3.2 Asphalt Binder Characterization Procedures

Similar to the varied techniques used to characterize the asphalt mixtures, testing
methodologies for the asphalt binder characterization also exhibit different forms and
functions for distinctly different purposes. In this study, the physical properties of the
asphalt binders are categorically limited to stiffness measures, while chemical
characterization included portions of composition as well as information on the chemical
structure of the asphalt binders.

The asphalt binder stiffness has been characterized by the dynamic shear modulus
(G*) as opposed to dynamic modulus measures (E*) conducted on the mixtures. These
measures were likewise combined into shear modulus master curves that enabled the
calculation of the low shear viscosity (LSV) values.

The chemical characterization included measurements of the composition of the
asphalt binder, i.e. binder component separations based upon the molecular weight,
molecular polarity, and/or adsorption characteristics of the fractions, as well as
quantification of the changes in certain functional groups apparent through Fourier-
Transform Infrared (FT-IR) Spectroscopy determinations. On a limited basis, certain
materials were examined for specific elemental components to provide a background

upon which many of the comparisons in this study are founded.
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3.2.1 Dynamic Shear Modulus

Dynamic shear modulus (G*) measures were conducted using the dynamic shear
rheometer (DSR) as generally outlined in AASHTO T315 (AASHTO, 2013). The
measurements were conducted utilizing parallel plate geometry as is the standard of
practice for asphalt binder testing in the industry. A schematic of the parallel plate

geometry and functional operation of the DSR is presented in Figure 3.26.

Time

(a) (b)
Figure 3.26 (a) Dynamic Shear Rheometer Parallel Plate Geometry
and (b) Parallel Plate Spindle Location
During the operation of the DSR, the bottom plate remains in a fixed position, while the
top plate begins at position A, progresses to location B, then back to location A. From
there the top plate continues in the same direction to position C, then back to the original
position A. This action would complete one oscillatory cycle of the parallel plate
geometry with the angle of displacement (0) being determined by the preset shear strain

value. As depicted in Figure 3.26(b) the speed of rotation is adjusted such that the
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rotational displacement (S) occurs in a sinusoidal fashion. The overall speed or time for
one full oscillation is described by the test frequency either in cycles per second (Hz) or
radians per second (w).

Further consideration of the DSR results requires the calculation of the shear stress
(t) and shear strain (y). These are determined as shown in Figure 3.26(a) and by

Equation 3.37 and Equation 3.36, respectively (SP-1, 1994).

2T
Ep—y Equation 3.35
where, T - shear stress, kPa;
T - maximum applied torque on spindle;
T- plate radius, mm.
_or
VY= Equation 3.36
where, y - shear strain;
0 - rotation angle of spindle, radians;
h - specimen height, mm.

In a manner very similar to the dynamic modulus (E*) in the complex domain, the

dynamic shear modulus (G*) is represented by Equation 3.37 below.

. To Sin wt . .. 1y i
e = Yosin(wt —8) IG7I(cos & +isind) = G +iG Equation 3.37
where, G*-  complex dynamic shear modulus, kPa;
To - maximum amplitude of stress, kPa;
Yo - maximum amplitude of strain;
w - angular frequency, Hz or rad/s;
6 - phase angle, degrees;
t- time; sec.;
i - complex number, i = V—1;
G’ - storage or elastic shear modulus, kPa;

G” - loss or viscous shear modulus, kPa.
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Commonly, the absolute value of complex modulus, |G*|, is reported and utilized rather
than the full complex form. Mathematically, |G*| is calculated as presented in Equation

3.38 with the accompanying phase angle calculated as depicted in Equation 3.39.

ol = To _ 2hT

G| = Y — Equation 3.38
— -1

d = tan i Equation 3.39

A common form of graphical representation displaying the contribution of G” and G” to

G* is depicted by the vector addition shown in Figure 3.27.

Loss Modulus, G”

Storage Modulus, G’

Figure 3.27 Vector Diagram of Dynamic Modulus Values

Similar to AASHTO T315, two parallel plate dimensions were used during the DSR
measures for the majority of this study, namely 25 and 8 mm for high and intermediate

temperatures, respectively. Contrary to AASHTO T315 method, the DSR measures were
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not solely conducted with a loading frequency of 10 rad/sec. In fact, each binder was
tested over multiple frequencies as well as temperatures. However, the shear strain was
kept at a low value of 1 percent for all testing to presumably stay well within the linear
viscoelastic (LVE) range of the binder. Multiple samples were tested to verify the testing
was within the LVE range, but practical limitations prevented each binder at each
condition from being verified.

The testing temperatures varied according to the binder grade or stiffness of the
binder and was adjusted depending upon whether or not the binder was polymer modified
or not. Although not every binder investigated was tested at all temperatures, the test
conditions utilized are presented in Table 3.2. More specific information on each of the

evaluated binders and their respective protocols will be included in the results section.

Table 3.2 Dynamic Shear Rheometer Test Conditions

DSR Test Parallel Gap Tested Tested .
Plate . . . Data Points
Temperature, . Setting, | Frequencies, | Frequencies,
o Diameter, per Decade
C mm Hz rad/s
mm
85,95, 100 25 0.5 0.00159-15.9 0.01-100 2.25
52, 60, 64,
70, 80 25 1.0 0.00159-15.9 0.01-100 2.25
46, 40, 34,
28,22, 16 8 2.0 0.1-100 0.628-628 10
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3.2.2 Shear Modulus Master Curves

Even though the last section showed the form of dynamic shear modulus measures
closely follow a similar mathematical form and similar rheological comparisons can be
made with either E* or G*, much less effort has been expended on binder master curves
of G*. This is not at all to suggest that research has not been conducted and
methodologies have not been developed, but specifically to point out that asphalt binder
master curve development has not experienced the refining efforts that the comparative
mixtures have undergone. As such, no set AASHTO or ASTM standard exists
comparable to what have been published for E* measures. As a result, binder master
curves are developed in a more research oriented fashion, thus requiring an approach on a
much more investigative basis and less procedural or standardized testing.

Nonetheless, even when there are not strict standards for testing protocol there are
established models commonly utilized from the calculation and development of the
binder master curves. Largely due to the overall similarities in the form of the data,
nearly all the E* master curve models previously discussed may also be applied to G*
master curve construction efforts. To summarize, the following master curve models
may also be applicable to binder master curves:

e Standard logistic sigmoidal form, Equation 3.4 and Equation 3.5;

e Nonsymmetrical sigmoidal form, Equation 3.6;

2S2P1D model, Equation 3.7; and

Christensen-Anderson or variations, Equation 3.13

e Prony series, Equation 3.17 and Equation 3.18
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This summary is by no means a complete or exhaustive list, but is focused more on the
different forms of models used as well as those most commonly used.

Similar to the master curve models being for the most part common between the
mixture and binder measurements, the majority of the shift functions are commonly used
for binder measurements as well. A summary of those already discussed in the E*
section are as follows:

e A-VTS shifting, is essentially mixture shifting based upon the viscosity-
temperature susceptibility of the binder, Equation 3.22;

e 2" order polynomial, Equation 3.24;

e Arrhenius, Equation 3.26;

e WLF, Equation 3.27;

e the original Kaelble, Equation 3.28;

e the modified Kaelble, Equation 3.29, and

e limited usage of the log-linear shift function, Equation 3.30.

Certainly, each of these have been used and are deemed acceptable for some data sets and
materials, while others may not be as appropriate for certain measurement conditions. A
general procedure that has been readily utilized in a rheological software package
(RHEA, 2011) has proven to be quite robust by providing fairly reliable results for a wide
variety of rheological data. In the software package RHEA, the shifting is essentially
conducted utilizing a procedure detailed by Gordon and Shaw (Gordon and Shaw, 1994).

This procedure incorporates several steps of increasing accuracy to the shifting methods
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to provide a more thorough shifting technique and an overall improved fit to whatever

master curve form and shift function is ultimately chosen.

This procedure has been summarized in the literature (Rowe and Sharrock, 2011),

but largely takes place within the software package RHEA and is, for the most part,

invisible to the user. However, the method is summarized as follows:

Each pair of isotherms is initially estimated using a linear fit which is contrasted
to a modified WLF equation using the original universal constants. These values
are presumably 8.86 and 101.6 for factors c; and c,, respectively from Equation
3.27.

Those initial shifts are further refined using the benefit of weighted least square
polynomial fit calculations. The order of the polynomial and thus some
influence on the shape are determined by the number of data points and the
frequency range of the measures though an undisclosed proprietary empirical
equation.

The shift factors are produced for each successive pairs of isotherms, which are
then numerically subtracted from the shift at 7,.. This is done so that the shift
factor at T, becomes the origin and all other temperatures are taken with respect
to the reference temperature (7).

The software employs a cubic spline fit for the final shift to T,..

This method, reportedly (Rowe and Sharrock, 2011) has the advantage of being able to

sufficiently shift data sets that do not overlap once the isotherms are shifted. Typically,

data sets that do contain such gaps cause difficulties in master curve construction due to
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insufficient measures to provide direct fitting comparisons among the isotherms. In the
present form, it has been reported that the method utilized in RHEA can overcome gaps
in a given data set of up to four decades (Rowe and Sharrock, 2011), which represents a
significant gap in the initial measurements.

In the current form of these calculations vertical shifting is not conducted, with the
exception of a density correction applied to the modulus values as a function of
temperature. The density correction which is widely used in the polymer industry, but is
less common in the asphalt community is conducted according to Equation 3.40 which is

originally attributed to Rouse (Rouse, 1953).

_ TrprGT,t
" Tpr Equation 3.40
where, G, - transient shear modulus at loading time and reference temperature, T};
T, - reference temperature;
Pr - material density at the reference temperature;
Gr. - shear modulus at the shifted loading time and measured temperature;
T - temperature of stiffness measurement;
pr -  density of material at measurement temperature, 7.

3.2.3 Low Shear Viscosity

The concept of low shear viscosity (LSV) which is sometimes referred to as the low shear
rate limiting viscosity (Martin et al., 1990; Lau et al., 1992), originated from practical
limitations not permitting measurements sufficient to determine the zero shear viscosity
(ZSV) (Anderson et al., 2002).

Several methods to determine ZSV or LSV exist in the literature. Certain models,

such as the Burgers and Carreau models are traditionally utilized with creep test
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measurements as depicted in Equation 3.41 and Equation 3.42, respectively (Biro et al.,

2008).
To , To —tG To
=—+—(1—-en —
rO=¢" (1 °n ) Tt Equation 3.41
where, vy - deformation as a function on time, t;
To - shear stress;
Gy, G, - shear modulus of spring elements;
N - shear viscosity of an individual Maxwell or Kelvin-Voigt element;
No - zero shear viscosity;
t- testing time.
« No — Newo
r] = ™ + 7’]00 .
[1+ (Kw)?]"/2 Equation 3.42
where, 71" - complex viscosity;
No - first Newtonian viscosity, absolute viscosity;
New -  Infinite shear viscosity;
w - loading frequency, very slow on the order of 4 hour loading time;

K,m - fitted material parameters.

It is clear to see how these viscosity relationships have stemmed from flow curve models
commonly used in more traditional rheology measures. For instance, the Carreau model
in Equation 3.42 can easily be transferred into the form of a flow curve utilizing
rotational shear loading of a specific shear rate, , in a cup and bob or concentric cylinder
geometry (Sybilski, 1993; Sybilski, 1996; Mezger, 2011). In these terms the Carreau

model takes for the form of Equation 3.43.
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No — N

) = [1+ (c17)?]P e Equation 3.43
where, 7n(y)- complex viscosity as a function of rotational shear rate, y;

No - first Newtonian viscosity, absolute viscosity;

New -  Infinite shear viscosity;

y - shear rate, s"l;

cq - fitted material parameter, Carreau constant;

p- fitted material parameter, Carreau exponent.

Indeed, there are far too many flow curve viscosity functions of this type to be listed here,
thus are likewise left as a reference (Mezger, 2011). However, this form of the viscosity
flow curve equation can be represented by Equation 3.44 and as summarized in Table
3.3. Of course, the more variables included in the model, the more complicated but

potentially improved fit to the measured data is possible.

No — Neo
[1+ (cy)Pz]Pa

n) = + Moo

Equation 3.44

where, n(y)- complex viscosity as a function of rotational shear rate, y;

No - first Newtonian viscosity, absolute viscosity;
N -  infinite shear viscosity;

y - shear rate, s'l;

C- fitted material constant, see Table 3.3;

D, P1, b fitted material exponents, see Table 3.3.



73

Table 3.3 Cross and Carreau Viscosity Flow Curve Model Parameters

Number of Fitted
Model Name Assumed Parameters Fitted
Parameters
Parameters
Cross pp=1 3 €, Noos P2
S Neo — 0
Cross/Sybilski 2 ¢, P2
pr=1
Carreau P, =2 3 €, Neo» P1
Carreau/Gahleitner N/A 4 €, Noo» P1, P2
_1-p
Carreau/Yasuda P = D2 4 C,Neos Py P2
¢ = A, relaxation time

Over the course of this research effort it was decided that the potential for erroneous ZSV
or LSV predictions as a result of data extrapolated to fit the model forms was not
desirable. Therefore, rather than using the mentioned predictive models, it was decided
to perform the necessary rheological measures to construct sufficient master curves
which would permit the determination of the desired complex viscosity values.

In this investigation, a minimum of two replicate binders were tested in the DSR to
determine the LSV at their respective aging states. The LSV values were determined by
conducting frequency sweeps at different temperatures creating isotherms ranging from
16 to 100°C. The isotherms were then shifted into master curves of |G*| and phase angle

(0) utilizing the Rhea software package (RHEA, 2011). The master curves were

converted into the components of complex viscosity (7’ and 7””). Likewise, these are
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readily used to compute the complex viscosity (77*) utilizing the vector addition shown in

Equation 3.45.

"l =v @)%+ (")? Equation 3.45

To determine LSV, the complex viscosity (77*) is plotted as a function of testing
frequency similar to the methodology used by Anderson (Anderson et al., 2002) to
determine ZSV. For unmodified binders, this plot creates a clear plateau in complex
viscosity with lower frequencies. The definition of ZSV is essentially when the response
is purely viscous, i.e. the elastic response is zero. The concept of LSV is introduced so
that 7* can be considered from the master curves without additional modeling to
determine the ZSV, i.e. the elastic response is very small, but not exactly zero.
Traditionally, problems arise if LSV values are attempted for polymer-modified
asphalt binders due to the highly elastic nature of the polymers. By definition, LSV can
only be determined in the plateau region of 77* versus frequency plot. However, LSV and
ZSV are commonly measured in the polymer industry by increasing the test temperatures
and/or reducing the test frequencies until the plateau develops. In this study, equipment
and time limitations prevented the use of frequencies lower that 0.01 rad/s for each
isotherm. Further limitations on the maximum testing temperatures were due to sample
flow from between the parallel DSR plates. To remedy this issue, the higher
temperatures required for the polymer-modified binders (85 to 100°C) were tested with a

0.5 mm gap setting rather than the typical 1 mm gap, which was used up to 80°C.
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To assure the LSV values being determined were reliable and not just a random point
along the 77* curve, the percent difference between 77* and the viscous component (77°)
was determined according to Equation 3.46.

!

n*—-n

0, ] =
Y% Dif ference = 100 - Equation 3.46

This type of calculation does not explicitly follow the LSV determinations used for
oxidation studies in the literature. The standard measure for LSV is usually directly
measured at 0.1 rad/s at 60°C with the 25 mm parallel plate geometry and a 0.5 mm gap
on the DSR (Martin et al., 1990; Lau et al., 1992). However, issues arise with certain
materials not truly representing low shear viscosity behavior under those measurement
conditions. Examination of the example vector components just discussed from the
complex viscosity plot in Figure 3.28.

Figure 3.28 reveals that an LSV determination of this particular binder at 0.1 rad/s
is not very representative of the LSV plateau behavior intended. In this example, the
arrow highlights that neither vector component has exhibited the type of plateau behavior
that is desired for the accurate determination of LSV. As a result, the master curve
determinations and thus the selected LSV values were determined at 60°C and 0.001

rad/s, with and a maximum permissible limit of 5% difference from Equation 3.46.



76

Compli Viscosty MC from Dnanic Daia. Trel = 60°C

Figure 3.28 Example of Low Shear Viscosity Determination

3.2.4 Comparison of Methods for Mixture and Binder Master Curves

Due to the similarities in the form of the rheological measures of mixtures and binders, it
is logical to draw conclusions from a comparison between the two. In fact, a basic
differentiation between viscoelastic solids, i.e. mixtures, and viscoelastic fluids, i.e.
binders, is whether the material in question will retain any non-zero stress after a simple
shear deformation is maintained over a sufficient duration (Christensen, 2003). The
stress state in the viscoelastic solid will retain a non-zero value, while the stress in the
viscoelastic fluid will eventually decay to zero or completely relax the resulting stress.
This type of behavior can be quantified as discussed previously in the modification
of the CAM model shown in Equation 3.11 by a power law function which resulted in the
modified master curve of Equation 3.13 that can be used for mixture or binder

characterization (Zeng et al., 2001). Using this type of master curve function permits the
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nearly direct comparison of the mixture master curve to that of an appropriate binder.

Adjustment of the G¢ and G, term will differentiate the mixture or binder measurements,

while the m,, k, and f,. terms can exhibit marked changes in the material behavior.

From a slightly different approach, consideration of the 2S2P1D model of Equation
3.7 can likewise be fit to rheological measures of asphalt mixture as well as binders. This
type of consideration reveals that the tau (7) parameter in the model can be viewed as the
characteristic time, which only varies with temperature for a given mixture. As such,
consideration of the 7 parameter as a function of the reference temperature may be
obtained (Olard et al., 2003). Such a comparison yields the relationship between the
developed master curves of the asphalt mixture and corresponding binders through the

relationship presented in Equation 3.47.

T(0)mix = 107 * T(O) pinger Equation 3.47

where, T(0),,,- characteristic time of the mix which varies only with temperature, 6;
7(0) pinder - Characteristic time of the binder at temperature, 6;
a- correlation parameter, varies with mixture characteristics and aging;
0- temperature.

The determination of the a parameter in this manner permits comparisons to be made

between the asphalt mixture and the asphalt binder master curves according to Equation

3.48 with the input value for the binder coming from Equation 3.7.
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Eoo,mix - EO,mix
Ew binder — Eopinder Equation 3.48

E;’Lix(w'T) = EO,mix + [E;inder(loaw' T) - EO,binder]

where, Eg - minimum asymptote of mix modulus as very low frequencies;
E mix- maximum asymptote of mix modulus as high frequencies.

According to Olard and Di Benedetto (Olard et al., 2003) Equation 3.48 is independent of

the 2S2P1D model, presumably once the a parameter is established.

3.2.5 Fourier-Transform Infrared Spectroscopy

Typically, the applications of Fourier-Transform Infrared (FT-IR) Spectroscopy
measurements are focused on the identification of certain molecules or functional groups
and the concentration of those molecules within a sample (Smith, 2011). This is largely
accomplished by observation of the interaction of certain molecules with certain energy
levels of light. In the case of FT-IR spectra, the interaction is noted as the
electromagnetic energy absorbance or vibrational resonance with a certain wavelength or
frequency that is specific to a certain chemical bond, molecule, or functional group. A
basic requirement necessary for absorption of infrared radiation is that these resonant
vibrations cause a net change in the dipole moment of the functional group or molecule
(Coates, 2000).

Simply put, light travels in a sinusoidal wave form. The distance travelled by the
light over the duration of one cycle is referred to as the wavelength, often given in
centimeters. FT-IR spectra are usually presented by a plot with the horizontal axis, i.e. x-
axis, in the units of wavenumber, which have the relationship to wavelength as shown in

Equation 3.49.
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_1
W="/3 Equation 3.49

where, W- wavenumber of light, em™;
A- wavelength of light, cm.

Most FT-IR considerations are limited to the mid-infrared range of about 4,000 to 400
cm™. Practically, the term wavenumber signifies the number of cycles of light within a
given length or distance, cm in this case. Therefore, a wavenumber of 1,800 cm'l,
indicated 1,800 cycles over a one cm measurement length.

Physically, the FT-IR spectrometer produces and thus measures an FT-IR spectra
over a range of wavenumbers, e.g. 4,000 to 400 cm™. This is produced through a
scanning operation of a device known as an interferometer which entails what is known
as an IR beam splitter, typically made of potassium bromide (KBr). What effectively
happens in the interferometer is that an initial source or IR light is passed through the
beam splitter, which splits the light into two separate beams. Essentially, part of the
beam is reflected and part is transmitted though the KBr prism with both beams known to
be of the same wavelength. However, one beam is reflected off a fixed mirror which
gives it a certain path length (A;). The other portion of the beam is reflected of a moving
mirror which provides for a variable path length of light (A;). Both beams are again
passed through a beams splitter which recombines them into a single beam of light.

When the two path lengths are equal, the amplitude of both beams are in-phase with
each other and they undergo what is known as constructive interference, i.e. they are
additive components. When the moving mirror changes the path length of one of the

beams the amplitude of the peak of the light waves are out of phase with each other and
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undergo destructive interference or part of one wave cancels a part of the other. In this
manner, the FT-IR creates what is known as an interferogram, which is defined as the
infrared detector output as a function of the difference in optical path length just
described. Finally, the Fourier transform is applied to the interferogram, which converts
it into the infrared spectrum to be used for analysis purposes, thus the reference to the
Fourier transform in the FT-IR nomenclature.

By the process just summarized, the FT-IR device provides the mid-infrared range
of the IR spectra with the final amplitude of the input light as shown in Equation 3.50

(Smith, 2011).

Ar=A+ A
s 1+ 4, Equation 3.50
where,  Ag- final amplitude of recombined light beam;
Aq- amplitude of stationary mirror beam;
A, amplitude of moving mirror beam.

With the intensity of a light wave proportional to amplitude of the wave, or energy level,
it can be seen how an FT-IR spectrometer can subject a test specimen to a range of
wavenumbers and light intensity levels. Since the FT-IR spectrometer is measuring the
interference of light waves with matter travelling through some ambient medium based
on the reflection of the light beam from a series of mirrors, it can be expected that the
exact output beam and energy level will not be retained throughout the entire
measurement system.

As such, it becomes important to frequently measure the influence of these factors

on a regular basis, particularly if the ambient or environmental conditions change around
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the device. These base measurements are known as background scans, which are
effectively subtracted from the sample measurement. This subtraction process produces
the final output of the FT-IR spectra and represents the influence of the test specimen as

an absorbance value as depicted in Equation 3.51 (Smith, 2011).

I
A =log|®
g( /1) Equation 3.51
where, A- sample absorbance, arbitrary units;
Iy- intensity of the background scan at a certain wavenumber;
I intensity of the specimen scan at the same wavenumber.

Therefore a plot of the absorbance as a function of the wavenumber yields the typical FT-
IR relationship shown in Figure 3.29, which presents an example background scan along
with the corresponding measure of the toluene and ethanol solution used in the extraction

and recovery process.
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Figure 3.29 FT-IR Spectra of Toluene and Ethanol Solution and
Background Scan

From the spectra shown in Figure 3.29, a great deal of information can be interpreted.
Certain molecules or functional groups tend to exhibit absorbance at certain characteristic
wavenumbers. As an example, Figure 3.29 exhibits a strong absorbance peak around 730
wavenumbers, which has been shown to be indicative of out-of-plane bending of the
carbon hydrogen bond (C-H). This peak is important as it was used to detect residual
solvent in the extracted and recovered binders as will be discussed in later sections.

These types of behaviors from each respective molecular group are largely the
result of net change in the dipole moment of the functional group (Coates, 2000). As a
result, there are many materials which are invisible to FT-IR spectral analyses. As an
example, inert singular gases are known to not show absorbance in the mid-infrared

range. In general, this is the main justification for using nitrogen gas to purge the FT-IR
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system and reduce background interference on the measures. Nitrogen gas (N,) does not
exhibit the necessary change in polarity with a resonance at any mid-infrared frequencies,
thus nitrogen gas is invisible to FT-IR analyses. In this study, a constant nitrogen purge
was used in the FT-IR to reduce the influences of moisture and carbon dioxide on the

measured spectra.

Fourier Transform Infrared Spectroscopy Sample Preparation and Measurement
Techniques

In basic terms, there are two categories of FT-IR sample preparation and accompanying
measurement technique. The first is what is known as transmission testing, where the IR
beam is passed directly through the investigated sample before being read by the detector.
The other method is generally known as reflectance testing, where the IR beam is
reflected or bounced off of the specimen surface then measured by the detector.

In transmission measurements, the sample of interest is frequently contained within
an IR transparent cell, between IR transparent windows, or is mixed with an IR
transparent powder as applicable to the physical state of the sample (Smith, 2011). By
far the most common material used for the cells, windows and powders is potassium
bromide (KBr) which is likely used due to the relatively low cost and high transparency
in IR range. One significant drawback to using KBr is that it is fairly hydroscopic,
meaning it will readily absorb moisture from the atmosphere and could potentially

dissolve.
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The actual preparation of the sample for measurement varies somewhat with each
sample, but in general is either cast, squeezed, or diluted into a solution sufficiently thin
enough to pass the IR beam.

Solid samples are sometimes squeezed into sufficiently thin films in high pressure
IR cells. Or they can be ground into a powder mixed with KBr powder which is pressed
into what is known as a KBr pellet for measurement. Some polymers or other soft solids
or highly viscous fluids can be pressed into appropriately thin films for transmission
measurements.

Some solids are readily dissolved and some fluids are pressed between two
windows to create a sufficiently thin specimen for IR measurements. Additional sample
preparation has been conducted by placing droplets of the solution on an infrared
compatible window and allowing the solvent to evaporate (Smith, 2011). Diluted
specimens have also been spun on a rotating samples window in a process referred to as
spin casting to obtain sufficiently thin sample path-lengths.

Another option is to prepare a mull sample by grinding the sample into a powder
and mixing it typically with a mineral oil or mulling agent until a paste is formed which
may be squeezed between two KBr windows.

It is imperative to quantify the concentration of the measured specimen or analyte
when conducting transmission measurements. If the sample is too thick or the
concentration is too high, measurement quality can suffer due to opacity issues not
permitting enough IR light through the specimen for measurement. This condition is

described by Beer’s law as given in Equation 3.52.
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A= el Equation 3.52
where, A- sample absorbance, arbitrary units;

e- Absorptivity of the specimen;

l- pathlength, or thickness of the specimen;

c- concentration of the analyte.

As can be seen from Equation 3.52, if the product of the concentration and the path-
length are too great, the absorbance measured will be too high and the sample will
effectively block the measurable IR light. If the product were too low, then the
absorbance would be too small and there would not be enough information in the signal
to make meaningful measures, i.e. it would be very similar to a background
measurement. As such, careful attention should be paid to the path-length and
concentration with trial and error sometimes being the best approach to obtain a useable
sample.

Another category of FT-IR measurement techniques that are conducted include
reflectance testing. One form of reflectance measurement reflects the IR beam off the
surface of a powdered sample that has been mixed with ground KBr material is known as
diffuse reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). DRIFTS
preparations are somewhat similar to the preparation of a KBr pellet, only compression
into the pellet is not required. The use of additional mirrors in the DRIFTS accessory
make it possible to measure the IR spectra by reflecting the beam off the surface of the
powdered mixture composed of the sample and KBr.

Another common type of reflectance measurement is known as attenuated total

reflectance (ATR). This type of measurement is conducted by passing the IR beam
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through a crystal of high refractive index (n.) on to the surface of the sample with a

lower index (ng). Figure 3.30 presents a schematic of how the IR beam travels through

the ATR attachment.
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Figure 3.30 Path of Infrared Beam with Refraction and Reflection
(Smith, 2011)
In order for ATR to function sufficiently, the angle of incidence (6;) must be at or below
what is known as the critical angle (6,) which will cause all the infrared light to be
reflected within the ATR crystal, i.e. total internal reflectance. The critical angle is based
upon the relationship between the respective refractive indices of the sample and the

ATR crystal as depicted by Equation 3.53.

. 1M
0, =sin"1("* .
¢ (“/n) Equation 3.53
where, 6,.- critical angle of incidence to cause total internal reflectance;
Nng- refractive index of specimen;

ne- refractive index of ATR crystal.
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It is logical to deduce that no measurement of the sample would take place if all of the IR
beam were reflected internally, however this is not strictly the case. What actually
happens is that the IR beam immediately around the point of reflectance, incident and
reflected beam, must occupy the same physical space. Since these beams are in-phase
with each other they experience constructive interference and the wave amplitude is
increased or attenuated, thus the name attenuated total reflectance. Since the beam itself
occupies the space within the crystal, the attenuated wave has nowhere to go but upward
presenting as an evanescent wave.

Typically, the evanescent wave is on the order of ten microns or less in height
depending on the experiment at hand (Smith, 2011). Specific determination of the depth
of penetration (Dp) for an ATR measurement is a function of both the geometry of the
measurement and refractive indices of both the crystal and the specimen as depicted in

Equation 3.54.

1
Dp =
o (M 2 Equation 3.54
ZanC\/sm 0—("/n,) q

where, Dp-  Depth of penetration;

W - Wavenumber;

0 - critical angle of incidence to cause total internal reflectance;

ng - refractive index of specimen;

ne - refractive index of ATR crystal.

With wavenumber (W) in the denominator of Equation 3.54, it is readily acknowledged
that the depth of penetration (Dp) and thus the measured IR path-lengths should be
different for different wavenumbers. Specifically, as the wavenumber increases to high

frequencies, the Dp should decrease with all other parameters being constant for a given
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IR measure. At first, this may seem to be a negligible observation, but it may potentially
cause some concern with certain types of analyses and therefore will be discussed in the
section on measurement quantification techniques.

Depending upon the specimen being measured and material the crystal is comprised
of ATR measurements can sometimes suffer from a weak signal due to the limited depth
of penetration. To overcome this issue, some ATR crystals are constructed to include
more than one evanescent wave, thus increasing the overall path-length within the
sample. An example of such a “multi-bounce” ATR attachment is presented

schematically in Figure 3.31.

Evanescent
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Figure 3.31 Path of Infrared Beam with “Multi-Bounce” ATR Crystal

The majority of multi-bounce ATR crystals are made of either zinc selenide (ZnSe),
silicon, or germanium. Special care must typically be given to these crystals as they are
easily damaged and some are water soluble. As a result, many ‘“single-bounce”

attachments are being manufactured with a ZnSe backing placed behind a diamond



&9

surface crystal. This configuration provides the very inert and durable surface of the
diamond, while retaining the IR clarity with the ZnSe. As a general rule, overall cost
prohibits most users from purchasing multi-bounce diamond ATR prisms, due to the
larger surface area.

Nearly all the FT-IR measurements conducted as part of this study were conducted
with ATR attachments. Early on, measurements were conducted with the collaborative
effort of Dr. Charles Glover and his group at Texas A&M University with a multi-bounce
ATR attachment using a zinc selenide prism. As the study progressed, the FT-IR
measures were conducted at the University of Nevada, Reno with an ATR attachment

containing a single-bounce prism with a diamond surface and zinc selenide backing.

Quantification of Fourier Transform Infrared Spectra
Once adequate FT-IR spectra are obtained, the overall spectra can be observed to identify
many functional groups and often some interactions between adjacent molecular groups.
A great deal of study has been conducted in this area and is a highly developed branch of
chemistry. While these types of analyses can yield a great deal of information regarding
the molecular structure, how those structures are arranged, and information regarding the
interaction of different molecules or functional groups, such observations are not directly
the focus of this research effort. The objective of the FT-IR measurements in this effort
are focused more on the quantity or concentration of certain functional groups.

One of the most common methods to quantify a functional group is what is known
as the peak height method. Essentially, IR spectra is quantified by measuring the height

of the peak of interest either from the absolute bottom of the graph, i.e. zero absorbance,
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or from an imposed baseline relative to the absorbance peak at hand. As depicted in
Figure 3.32 the peak height of the hydroxyl group in hydrated lime Ca(OH), mixed with
an asphalt binder has been determined as a wavenumber of approximately 3,640 cm™

(Arnold et al., 2006).
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Figure 3.32 Example of Peak Height Quantification

The peak height method is likely one of the most common quantification methods for IR
spectra, especially when paired with the direct transmission method of measurement.
However, the method may be subject to some sources of error that are unique to its
application. For instance, by definition the peak height is selected and measured at a
single wavenumber which could experience a shift if influenced by another functional
group that is present at similar wavenumbers. In other words, changes in nearby peaks
may influence the overall shape of a particular peak of interest and these types of
fluctuations may be problematic with the peak height method. Another potential

drawback of the peak height method is that no information is provided on the width or
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shape, only the height of a particular peak. This may cause some changes in the width of
the peak to be missed, particularly if the functional group of interest presents a broad
band as opposed to a sharp and well defined peak.

There are some advantages to the peak height method specifically in the actual
quality of the measured data. When only considering the peak of a certain spectral
feature, only the highest signal is considered in the analysis. This can be beneficial since
this will by necessity provide the best signal to noise ratio in the region of interest. This
can be beneficial is the analysis in exhibiting low overall energy levels as which will
produce a weak signal and thus noisy spectral features. Nevertheless, the peak height
method is commonly used by many researchers and some who study asphalt binder
oxidation and kinetics measurements.

It has been stated that as a result of variable path-length (Dp) as a function of
wavenumber as depicted in Equation 3.54, that ATR spectra should not be used for
quantitative analysis techniques (Smith, 2011). Beer’s law, Equation 3.52, essentially
necessitates that both the path-length, and absorptivity of the specimen be constant in
order to investigate or predict the concentration of a certain chemical species. However,
many successful measurements and quantitative analyses have been conducted utilizing
ATR measurements. In fact, AASHTO T302 (AASHTO, 2013) establishes the
determination of polymer content within a modified asphalt binder sample recommends
both transmission and ATR as valid methods of quantitative FT-IR measurements.

As an example Figure 3.33 presents the same peak depicted in Figure 3.32, only the
peak area method is presented. The value of the measurement will be quite different,

however in certain circumstances the relative difference between the two may remain the
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same throughout an analysis, though not always. There are certain influences that may
cause systematic shifting of the data with the peak height method compared to

quantification measures using the peak area method and vice versa.
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Figure 3.33 Example of Peak Area Quantification

Although the peak area method may appear to be the preferred method due to potential
issues with the peak height method mentioned previously. However, the peak area
method has certain limitations as well. For instance, significant changes in adjacent
peaks to the one specifically being measured may cause erroneous changes in either the
peak of interest directly, or may potentially change portions of the spectra that may be
used to determine the baseline for the area calculation. Depending upon the
circumstances, these errors may or may not be present in peak height measures.

All of the IR quantification measures utilized in this study were based upon the
peak area method. This was consistent with both Texas A&M data as well as measures

conducted at the University of Nevada, Reno. In both cases the peak area in the carbonyl
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region referred to as the carbonyl area, CA, was computed as the area, in arbitrary units,
between the absorption spectrum and the magnitude of the absorption at 1,820 cm™ as the
baseline and between the wavelengths of 1,650 and 1,820 cm™. This area was calculated
utilizing the FT-IR software, Omnic, following a macro written specifically to determine
the peak area within this region.

To be precise, the carbonyl functional group can sometimes be separated into
further fractions based upon the specific molecular orientation with carbonyl as the main
component. The base chemical structure for carbonyl is an oxygen atom double bonded
to a carbon atom. A carbonyl can, in turn, be bonded to other atoms or functional groups.
A depiction of carbonyl and a carbonyl functional group are presented in Figure 3.34,

where A and B can be different atoms or atom groups.
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Figure 3.34 (a) Carbonyl Molecule and (b) Carbonyl Functional
Group
As a result of the general definition of the carbonyl functional group, i.e. inclusion of the
nonspecific A and B functional groups, several more specific definitions are readily
defined to provide more specific characterization of the molecular structures commonly
observed in the proximity of carbonyl functional groups. Some typical definitions are

provided in Figure 3.35 (Petersen, 2009; Odian and Blei, 1994).
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Figure 3.35 (a) Ketone, (b) Carboxylic Acid, and (c) Anhydride
Functional Groups

In Figure 3.35(a), ketones are defined as a carbonyl group where the attached atoms are
strictly carbon, as can be visualized in through the mid-portion of over the length of a
long hydrocarbon chain. Figure 3.35(b) presents a carboxylic acid where one of attached
functional groups to the carbonyl group is a hydroxide, OH™ and the other, R, is an
undefined functional group. Figure 3.35(c) presents a slightly different orientation
including an oxygen atom between the carbonyl functional groups and including the two
other undefined monovalent functional groups, R and R’.

In general, the definitions of Figure 3.35 are provided as a reference point to aid in
the comprehension of some common literature that discusses the carbonyl function
groups in terms of the more stringent definitions. As a general overview, discussions of
ketones and carbonyl measures are closely related to one another, with the majority of
carbonyl groups logically occurring as ketones along what can be simplified to long

hydrocarbon chain structures in asphalt binders.

3.2.6 Asphalt Binder Composition

In-depth studies of asphalt binder behavior, especially those considering the chemical

signature and evolution of the molecular structure, often include characterization of the
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composition of the asphalt binders being studied. Although not necessarily directly
relatable to the FT-IR characterization of the functional groups discussed in the previous
sections, the composition separation of asphalt binders into distinct fractions augment
each other in a productive manner.

One of the most common methodologies used in the fractional characterization of
asphalt is attributable to Corbett (Corbett, 1969) and thus bears his name. The Corbett
methodology combined with subsequent efforts (Corbett and Petrossi, 1978) have led to
the method being standardized as ASTM D4124-09 (ASTM, 2010). In general, this
methodology separates the asphalt binder into four fractions based largely upon
differential levels of polarity and adsorption of the respective fractions, with secondary
effects of molecular weight. With a certain amount of variation in terminology, the most
common naming convention applied to the four fractions leads to the acronym SARA,
which are derived from each respective fraction: saturates, aromatics, resins, and
asphaltenes. Other terminology used to represent essentially the same components are
termed saturates, naphthene aromatics (NA), polar aromatics (PA), and asphaltenes.

While the details of the method are left to ASTM D4124 (ASTM, 2010), a brief
outline will discuss the method of separation, which may not necessarily seem to follow
the most logical progression. To summarize, the asphalt binder of interest is thoroughly
mixed into a solution with iso-Octane so that the undissolved portion, the asphaltenes,
may be left after filtration under vacuum and decanting of the soluble liquid phase,
termed the maltenes. The maltenes are then distilled to remove the iso-Octane and are
then brought into solution with n-heptane. The solution is then brought into contact with

calcined alumina in a chromatographic column where the saturate fraction passes quickly
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through the column. After a short rinse with toluene, the clear solution that has passed
through the column is rotary evaporated (rotovap) to yield the saturate fraction.

The column is then further flushed with toluene followed by a 50:50 mixture of
toluene and methanol to yield a yellow solution containing the naphthene aromatic (NA)
fraction after a rotovap procedure. Separation of the saturate and NA fractions are
verified utilizing a UV-detector and noting changes in the absorbance near 350 or 366
nm.

The polar aromatic (PA) fraction is obtained by switching the eluent, solution, to
trichloroethylene and monitoring the dark band migrating up the column, which also
corresponds to a change in the UV absorbance at 400 nm.

All three solutions are then distilled in a rotovap assembly, followed by a heated
nitrogen gas-stream evaporator, followed by a final rotary evaporation process to obtain
the final dried fractions of the binder. Thus, with each of the four fractions separated, the
composition of the binder is reported as the percentage of each fraction by mass.

As a result of the separation process, it becomes clearer why the definition of the
components is not a clear-cut fractionation measurement. The separation is somewhat
dependent upon the reactivity of the different fractions to the solvent used in each step
relative to the adsorption tendencies to the alumina medium in the column. Despite the
actual mechanisms acting during the separation, there are some generalities of each
fraction that yield some useful information, particularly in regards to oxidative aging (Liu

et al., 1998).
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e Saturates: typically the fraction with the lightest molecular weight and are
generally the most stable component with aging.

e Aromatics (naphthene aromatics): typically are a little heavier molecular
structures which tend to grow in molecular size upon oxidation largely
transforming into polar aromatics, but rarely into asphaltenes (Liu et al., 1999).

e Resins (polar aromatics): the second heaviest in terms the molecular sizes.
Polar aromatics often migrate into asphaltenes upon oxidation, though they are
typically smaller and thus less reactive than the asphaltenes found in the original
asphalt binder.

e Asphaltenes: The heaviest fraction in terms of the molecular sizes. Asphaltenes
tend to be brittle and increase concern over cracking resistance as a binder
oxidizes with age. Asphaltenes are generally considered the most polar
component of asphalt binders and therefore are typically responsible for

increases in stiffness and viscosity of the asphalt binder.

Polar Organic Fractions of Asphalt Binder

Using the same basic procedure as the SARA analysis, previous research (Robertson et
al., 2006) conducted similar chromatographic separations utilizing cyclohexane as the
initial eluent in a column of mineral aggregate fines or filler and Celite, diatomaceous
earth, to effectively separate out the lighter ends or weakly polar components of the
asphalt binder. A second eluent composed of a 10:1 blend of toluene and ethanol was
then used to remove the strongly polar components of the asphalt binder that were

adsorbed onto the mineral aggregates in the column. Again, recovery of each
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representative fraction gave an indication of the asphalt-aggregate, mineral filler,
interaction taking place. This methodology was conducted on all eight of SHRP binders
and seven SHRP aggregates (Robertson et al., 2006). As an illustration of the potential
significance of this interaction, a summary of the results from those measurements are
presented in Table 3.4.

Table 3.4 Average Mass Percent of Polar Organic Components
Adsorbed on Aggregate-Celite Columns (Robertson et al., 2006)

SHRP Strongly Adsorbed Polar Organic
Asphalt Components, Ave Mass Percent
Id
SHRP Aggregate Id

RA | RB | RC | RD | RH | RK | RL | Min | Max | Diff
AAB-1 | 43 | 8.0 | 12.1 | 6.8 | 154 | 93 | 97 | 43 | 154 | 11.1
AAC-1 | 7.1 | 89 | 92 | 64 | 88 |73 |71 |64 ]| 92 |28
AAD-1 | 40 | 124 |13.7| 6.5 | 173 |12.0|17.0| 4.0 | 173 | 13.3
AAF-1 | 57 | 9.1 | 104 | 7.8 | 122 | 84 | 9.0 | 5.7 | 122 | 6.6
AAM-1 | 28 | 7.3 |11.7| 3.8 |125| 7.5 | 9.1 | 2.8 | 125 | 9.7
AAW 104114134104 |14.1| 99 |13.2| 99 | 14.1 | 43
AAY | 12.4]133 159|148 (194|126 122122194 | 7.3
ABD 51 167 86|63 95|74 |79 |51 |95 | 44
Min 28 | 67 | 86 | 3.8 | 88 | 73 | 7.1 | 2.8
Max | 124|133 |159|14.8|19.4|12.6 |17.0 19.4
Diff 96 | 66 | 74 | 11.0]10.6 | 53 | 9.9 16.6

The most significant contribution of these measurements is noted by the overall
magnitude of the variation between the different asphalt binders and aggregate sources,
even though these are average values of two replicate measures. As shown by the shaded
cells in Table 3.4, indicating the minimum, maximum, and difference between the two
for each respective row or column, there is a significant difference in the measured

adsorption depending upon the combined materials.
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Considering all the materials tested, the minimum adsorbed polar components were
2.8 % and the maximum of all materials measured at 19.4 %. The maximum difference
for the entire data set was 16.6 % difference in adsorbed polar components, depending on
which of the tested materials are being considered. Within a given binder, the maximum
difference was 13.3 % for the aggregates measured. Within a given aggregate, the
maximum difference based upon which binder was selected was 11.0 %.

These rather significant differences indicate a potentially important interaction
between the asphalt binder and the aggregates used to make a particular asphalt mixture.
If such significant portions of the asphalt are effectively adsorbed, i.e. bound to the
aggregates, the overall quantity of binder effective in the mix performance may be
significantly altered. Not only may this affect the oxidative aging of the binder, but it
may also play a role in moisture susceptibility, rutting, fatigue, and thermal cracking
performance of the mixtures with mixed results for each depending upon the distress and
conditions at hand.

It is because of this potentially significant influence, that this chromatographic
measure has been considered as one of the significant parameters to consider with the
influence of the mixture characteristics on oxidative aging of the asphalt binders. Further

discussions of this topic will be considered in the data analysis sections.
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3.3 Asphalt Binder Extraction and Recovery

Many of the binders evaluated by the methods established in previous sections were
obtained from mixtures aged to various conditions either in the laboratory or otherwise
noted. The mixtures aged in the laboratory were typically mixed, short-term aged,
compacted in the Superpave gyratory compactor (SGC) then aged by their respective
protocol prior to preparation and mixture testing. After the respective mixture testing,
replicate samples were processed to extract and recover the binder in order proceed to
with the respective binder testing and evaluation methods. The specifics of this
extraction and recovery process are detailed in Appendix B. However, a general
discussion is executed here to highlight some of specific evaluation efforts that took place
during the development of the final procedure.

The basis for the extraction procedure was founded upon the procedure outlined in
AASHTO T164, Method A Centrifuge Extraction (AASHTO, 2012). The method
requires the placement a mixture sample of known mass in a centrifuge bowl with a filter
paper between the lid and the bowl containing the mixture. The asphalt binder in the
mixture is soaked in an appropriate solvent to extract it from the mixture and remove it
from the aggregate surface. At regular intervals, the centrifuge bowl is spun to a
maximum speed of 3,600 revolutions per minute (rpm) extruding the solvent and
dissolved binder through the filter paper to effectively remove the binder from the
mixture, leaving the aggregate behind. The filter paper retains the majority of the fines
that may be suspended in the solution of binder and solvent. The solution is then retained

for further processing.



101

The mixture is repeatedly soaked with fresh solution which is centrifuged through
the same filter paper. AASHTO T164, Method A (AASHTO, 2012) specifies that the
process be continued until the solution being extruded is a light straw color. However,
one of the major modifications to the extraction method was the ending color of the
solution to indicate a complete extraction. In this study the extraction process was
continued well past the stated straw color and was carried out until the solution was
nearly as clear as fresh solvent. To assure consistency in the level of extraction a small
flask of the final solution was retained as a blank for comparison with each individual
extraction process.

The extraction process was carried out to this extent to alleviate some of the
potential issues that had been noted with this procedure, specifically inferences of partial
or incomplete removal of the binder from the mixture. Questions had been raised early in
the process development regarding the partial removal and thus phase or other systematic
segregation of the binder due to the extraction and recovery process.

Another significant alteration of the process in AASHTO T164 was the solvent
used during the extraction process. The method specifically states that trichloroethylene,
methylene chloride, normal-propyl bromine, or terpene may be used as the extraction
solvent. However, this study used a mixture of toluene and ethanol in a blend of 85 and
15% by volume, respectively as the extracting solvent. This modification was largely
based upon the recommendations Dr. Charles Glover and collaboration of Texas A&M
University (Burr et al., 1991).

The procedure developed to recover the asphalt binder from the extracted solution

likewise included modification and verification from the method published as AASHTO
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T319 (AASHTO, 2012). The first modification was the extraction procedure as
previously discussed in the modification of AASHTO T164, Method A not the method
and apparatus described in T319.

Additional changes were applied to the rotary evaporator bath temperature and
vacuum level due to measured and previously noted difficulties in complete removal of
the toluene/ethanol solvent. After a rather lengthy and laborious investigative process,
the temperature of the bath was finally settled upon 150°C (302°F) for the entire recovery
procedure.

The evacuation pressures were also modified from the published AASHTO T319,
due to the change in solvent to the toluene/ethanol blend. To sufficiently remove the
solvent from the recovered binder, an initial vacuum of approximately 150 to 200 mbar
was applied to remove the bulk of the solvent from the recovered binder. In practice, this
was done by applying the absolute pressure within the rotovap flask of approximately
650 mbar, down from the ambient measurement of approximately 850 mbar which
fluctuated due to passing weather patterns etc.

Once the majority of the solvent had been removed from the binder and all
necessary iterations of the solution had been run through the system, a second lower
pressure was applied to drive-off the last remaining bit of solvent. The vacuum was set
to 0 mbar absolute pressure, but due to the nitrogen purge and other small imperfections
in the system, 20 to 30 mbar was the level of vacuum achieved. This resulted in a total
vacuum of approximately 820 to 830 mbar gauge depending upon the ambient barometric
pressure at the time. The overall duration of this high vacuum stage was increased to

four hours duration to assure the adequate removal of the solvent.
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Due to the large mixture sample size, relatively low efficiency of the
toluene/ethanol blend the extraction portion of the process took place over a period of 4-8
hours. Since the recovery process largely overlapped the extraction efforts, the recovery
time spanned a similar duration. However, the secondary high vacuum phase added a
significant amount of time and thus increased the overall duration for the combined
extraction and recovery procedure to 8-12 hours, with a few samples periodically

extending to 14 hours total duration.

Extraction and Recovery Process Validation

Since it has been well documented that many extraction and recovery processes cause an
unknown level of influence on the material properties of asphalt binders (Burr et al.,
1990; Burr et al, 1991; Cipione et al., 1991, Abu-Elgheit et al., 1960), initial samples
used in the development of the procedure were validated for significant influences due to
the extraction and recovery process. Initial efforts focused on the complete removal of
the toluene/ethanol solvent. Several binders were tested in collaboration with Texas
A&M University to verify the complete removal of toluene from the recovered binder.
Gel permeation chromatography (GPC) techniques were utilized and interpreted by Dr.
Charles Glover to verify the complete solvent removal. A summary of some of the GPC

results are presented in Figure 3.36.
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Figure 3.36 Example of Gel Permeation Chromatography with
Recovery Time

As presented in Figure 3.36, the GPC response is reported as an RI Response or
refractive index, which is quantification of light passing capability of the eluent or
solvent used in the test. While GPC results can provide information regarding the
molecular weight distribution of the evaluated sample, such information is not the focus
of this effort (Martin et al., 1990).

The focus of this effort in regard to the GPC measures is to note that there are not
new or disappearing peaks noted with changes in the rotovap recovery time, Figure 3.36,
for the example binder shown. It is expected that the toluene/ethanol blend would be
depicted to the right or with longer elution time since it should have a lower molecular
weight and thus a longer retention time through the porous media when compared to the

asphalt binder. The figure does not show a significant difference in the location, not
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necessarily the magnitude, but the location of the peaks with respect to the elution time,
even after the extreme case of 36 hours of high vacuum distillation. This has been
interpreted to signify that the toluene/ethanol blend is not present in the recovered binder
and thus has been sufficiently removed by the four hour high vacuum recovery time.

To further validate the procedure, two of the binders included in the study, a neat
PG 64-22 and a styrene-butadiene-styrene (SBS) modified PG 64-28, were further tested
to quantify the effect of the extraction and recovery procedure. The binders were
essentially run through a blank extraction and recovery process, where the original binder
was subjected to the extraction and recovery process without having been otherwise aged
or blended into a mixture. The comparison was made on both binders in an original state
and after the extraction and recovery process. The specific comparisons included
evaluations of the FT-IR spectra as well as rheological measures represented as the
dynamic shear modulus (G*) master curves. The FT-IR spectra of the original and blank
extracted and recovered binders are presented in Figure 3.37 and Figure 3.38 for the PG

64-22 and PG 64-28 binders, respectively.



D25 JParasa 22_Ong_Reph
0.243ara64-22_Orig RepC
023 baraa-22_After Extr_RepB
uﬂ§Dam64»227AﬂEr Exitr_RepC
0213
oza%
0.193
0.183
0173
0.163
o.15§
0.143
0.133
0.123
0.113
0.103
0.093
0083
0.073
0.063
0.053
0.043
0.033
0.023

2500
Wavenumbers {cm-1)

1500 1000
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In both Figure 3.37 and Figure 3.38, replicate FT-IR spectra of the original binder are
shown as the black plots and the blank extracted and recovered binder are shown as red.

As mentioned previously, a great deal of information about the molecular structure
can be obtained from IR spectra when observed by individuals who specialize in this type
of analyses. However, this is not the focus of this research, but a few general comments
on the FT-IR interpretation will be noted to increase familiarity on the topic.

From both Figure 3.37 and Figure 3.38, it is observed that the largest peaks occur
around 2,950 and 2,860 cm™ or so. These are known to be the stretching response of the
carbon-hydrogen bonds CH, and CHj; respectively. The next most influential peak
occurs near 1,425 cm which is due to the bending of the CH molecules. The next
molecular structure of interest is the peak located at a wavenumber of 1,600 cm’', which
is typically attributed to the carbon double bond (C=C). Again, no drastic influence was
noted due to the extraction and recovery process.

It is not a coincidence that a material basically classified as a hydrocarbon chain
would exhibit absorbance in these regions. Further, it is quite important that these peaks
remain nearly identical before and after the extraction and recovery process. If these
functional groups were altered even by a small amount, that would signify a drastic
change in the overall molecular structure of the asphalt binder, thus creating substantial
cause for concern.

Another region where very little change is observed is on the side of the C=C peak.
The wavenumber region from 1,650 to 1,820 cm’ is what has been defined as the
carbonyl region which represents the molecular bonding of oxygen to carbon atoms

creating the carbonyl functional groups as previously discussed. It is critical that the
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extraction and recovery process did not generate changes in the carbonyl area as this is
the main functional group used to measure and quantify aging of the asphalt binders in
this study.

Another region of interest in oxidation studies are the sulfoxides (S=0O) which
typically occur near a wavenumber of 1,030 cm™. It has been observed that sulfoxide
growth may significantly influence the stiffness or other rheological measures on asphalt
binders largely dependent upon the available sulfur content of the binder (Robertson et
al., 2006). In more simplistic terms, the more sulfur that is available for an oxidation
reaction within a binder, the more influential it becomes on the physical properties of the
aged binder. As a result of the generally low sulfur content of these two binders,
approximately 3.9% by weight for both the PG 64-22 and PG 64-28 binders, the
sulfoxide region of the IR spectra will be observed, but not necessarily taken into account
for calculation purposes.

Figure 3.37 depicts the unmodified PG 64-22 binder which does not show
significant changes in the sulfoxide region due to the extraction and recovery process
within reasonable repeatability limits of the measurements. However, Figure 3.38,
depicting the SBS modified PG 64-28 binder does indicate some influence of the
extraction and recovery process as growth of the sulfoxide functional group.

Further consideration of Figure 3.38 with the PG 64-28 binder indicates a slight
peak developing near approximately 1,260 cm™ wavenumbers. Although not confirmed
by any other measurements, this peak could be attributed to an increase in a methyl
group, i.e. CHs. While this occurrence should be noted, it is advantageous that this

anomaly occurs outside the carbonyl region which is the true functional group of interest.
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Additional deviation is noted as a doublet centered around 2,350 cm™. This region
and potentially the broad band extending nearly to 1,900 or 2,000 cm™ is presumably
evidence of carbon dioxide, CO, in the system at the time of the IR measurement. Being
that the extraction and recovery process, sample tins during storage, and the FT-IR
system either received or is under constant nitrogen, N, purge, the CO; is presumably an
artifact of the ambient environmental conditions at the time the IR measurements were
taken. Again, this alteration should be noted, but is not expected to significantly affect
the carbonyl area measures between 1,650 and 1,820 em™.

As mentioned in the discussion regarding Figure 3.29, the toluene and ethanol
solution exhibits a strong absorbance near 730 cm™. Neither Figure 3.37 nor Figure 3.38
show any difference in the absorbance after the extraction and recovery process,
suggesting the un-measurable amount of the solvent is left after the recovery process.
This is a significant finding, since frequent concerns with other recovery methods were
primarily based upon incomplete removal of the extraction solvent.

Since practically insignificant influences of the extraction and recovery process
were observed on the molecular structure as measured by the FT-IR, further exploration
into the potential effects on the physical properties were also considered. To this end,
multiple frequency sweeps at several isothermal conditions were conducted on the DSR
as previously discussed on each asphalt binder before and after the blank extraction and
recovery process. These rheological measures were shifted to dynamic shear modulus
masters curves at a reference temperature of 60°C (140°F) utilizing the RHEA software

package outlined previously. Those binder master curves are presented in Figure 3.39.
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Figure 3.39 Blank Extraction and Recovery Complex Shear Modulus
Master Curve

As depicted in Figure 3.39, the developed binder master curves are very close to the same
before and after the extraction and recovery process, within each respective binder.
Caution is advised when interpreting master curve relationships such as Figure 3.39 since
they are represented in a log-log plot. What may seem like very small deviations, may
actually be more significant depending upon the location on the log scale. However,
given the truly replicate nature of the measurements including independent shifting of
each master curve, Figure 3.39 is generally interpreted as yielding the same master curve

relationship before and after the extraction and recovery process for both binders.
The slight deviation noted on the higher G* end of the unmodified PG 64-22 master
curves is of little concern especially when characterizing the binder stiffness as the low

shear viscosity, LSV, which is highly dependent upon the low end of the G* relationship.



111

As will be seen quite frequently, the SBS modified PG 64-28 binder shows slightly
more variation as compared to the unmodified binder. The variation noted here does
have some level of importance since the deviation between the two are noted at the low
end of the G* master curve, which will influence the LSV relationship. However, the
deviation is apparently fairly slight and is expected to be a constant offset when
considering the extracted binders over different ages since the extraction and recovery
process remained constant irrespective of the age of the mixture. Additional observations
of the PG 64-28 binder from Figure 3.39 also indicated measureable differences in the
overall behavior of the binder at higher temperatures which are represented by the lower
frequencies in the plot. The discontinuity or bump that occurs near 0.5 rad/s is
presumably the separate behavior in the binder and SBS polymer. With these binders
being almost completely unaged the asphalt phase of the binder is relatively soft and very
fluid at the low frequencies and high temperatures that lead to that portion of the master
curve. Under those same test conditions, the SBS polymer still retains a significant
amount of elasticity and stiffness, therefore presumably creating the inflection point
noted. As will be seen in further binder master curve data presented in later sections, this
effect is relatively evident with the softer unaged binders but becomes less prominent as
the binders are aged and the relative difference in stiffness is reduced. Further discussion
on this matter will resume in the test results section of the binder measurements.

As an overall summary of the influence of the extraction and recovery process,
these measures have suggested that the influence is relatively insignificant for the
unmodified PG 64-22 binder. However, some slight influences were noted with the SBS

modified PG 64-28 binder, both in the IR spectra representing the molecular structure of
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the binder and the rheological measures representing the physical properties of the
binder.

It should be noted that some of the samples left a very small amount of what
appeared to be a light oil on the inside of the recovery flask as has previously been noted
in previous research (Burr et al., 1990). Because of the limited amount of this material
available, only preliminary measures were conducted which identify it as some type of
light petroleum oil. Presumably these are lighter oils that were pulled out of the binder
during the recovery process. However, because of the small volume of material observed,
the inconsistency of which samples created it, ease of removing during the transfer from
the recovery flask and storage tins, and the apparent lack of significant influence on the
results, no further effort was extended to identify or prevent the creation of the residue.
Presumably a lower recovery temperature or less severe vacuum would prevent the

residue production, however solvent removal then may become problematic.

3.4 Aggregate Mineralogy

To provide a more in-depth characterization of the aggregates petrographic analysis were
conducted following ASTM C295 in conjunction with the nomenclature defined in
ASTM C294 (ASTM, 2010).

Although specifically related to Portland cement concrete aggregates, the
petrographic analysis quantifies by visual observation, the mineralogical composition of

the aggregate. The different mineral compositions are observed following the techniques
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outlined in those procedures, but in general are conducted by visual observation,
microscopic inspection, physical hardness estimations, and some limited chemical
interactions. While a robust description of the petrographic examination protocol is
much too lengthy and far outside the scope of this research effort, a general description of
the major aspects will be provided for reference. Due to the specialized nature of these
types of analyses, the petrographic analyses were conducted by Mr. Thomas J. Adams
and Dr. Gretchen C. Schmauder with Terracon Consulting at the time.

Initial inspections of so called hand samples include observations of the color,
texture, mineral grain size, fracture characteristics, relative hardness, acid solubility, or
any other distinguishing features. Often times, with ample experience, mineral
identification can be decided solely based upon visual observation of hand samples which
provide the bulk aggregate properties. These observations are typically conducted using
the unaided eye and some low power, up to x50 magnification, microscopic observations
(Ingham, 2010).

A portion of the aggregates can then be fixed to a microscope slide and finely
ground to a thin section which permits passable light. These thin sections may then be
further analyzed with higher magnification microscopes and quantify the relative
composition of the various mineralogical features contained within the aggregate. The
thin sections may be on the order of 30 um in thickness, which can vary depending upon
the minerals being observed (Demange, 2012). The microscopic inspections often
convey a great deal of information about the mineral composition of the aggregate

sample being observed due to the different light sources used in that evaluation.
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First, the sample is viewed under white, or normal, light conditions to observe
certain crystalline features and observe the overall structure of mineral composition.
Then, polarized light may be used to identify certain minerals. Initially, two polarizing
films are oriented such that in-plane polarization of the light is applied and referred to as
plane-polarized light (PPL).

Observations are then made of the thin sections by crossing the two polarizing films
to create what is known as cross-polarized light (CPL). Certain minerals exhibit clearly
identifying characteristics, such as color or a range of colors, under these optical
conditions. Changing the direction of the polarized light, may permit the clear
identification of other minerals in a process commonly termed preferential orientation of
the mineral crystals, such quartz. Figure 3.40 presents an example of the preferential
orientation of the quartz crystals (ISU, 2013) Each of the three crystals shown in the
center of Figure 3.40 are quartz, however they are oriented in different directions relative

to the plane of the applied CPL.

0.1 mm ﬁ,
3 RSt S.;

Figure 3.40 Example of Preferential Crystal Orientation, Quartz
Sy, 2013)
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Additional features may be identified by contrasting the response of different minerals
between PPL and CPL. An example presented in Figure 3.41, presents a clinopyroxene
crystal in basalt under; (a) CPL and (b) PPL. It is clear how such techniques can readily

identify certain minerals once their behaviors under these conditions have been

documented.

(b) _
Figure 3.41 Example of Clinopyroxene Crystal in Basalt Under (a)
CPL and (b) PPL (ISU, 2013)

Another common characteristic trait noted with CPL called twinning, aids in the

identification of certain minerals such as feldspar as depicted in Figure 3.42.
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Figure 3.42 Example of Twinning, Plagioclase (ISU, 2013)

To be certain, many more observational techniques are utilized during the identification
of each mineral component within a given sample. These are merely some of the most
common identifiers which support the necessity for specialized personnel when
conducting these measures.

After the identification of the various minerals within an aggregate specimen, each
is quantified as the percentage of the two-dimensional area of the thin section to establish
the composition of the entire specimen. In the case of mixed mineralogies within a given
aggregate, such as a gravel source, the composition of each fraction is reported in

conjunction with the overall percentage of each fraction.

3.5 Aggregate Image Measurement System Procedures

The Aggregate Image Measurement System (AIMS) was utilized to quantify the shape,

angularity, and surface texture of aggregates used in this study. The AIMS acquisition
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system makes use of a camera, microscope, back and top lighting, and an aggregate
rotation tray to collect data which is then analyzed by the integrated software system
(Pine, 2011). Since the AIMS was used as-is and no additional development of the
method was conducted as part of this research, only a review of the procedure and a
summary of the outputs will be discussed here. More in depth analysis of the functions
and formulas utilized can be found in the referenced documentation (Pine, 2011).
Measurements are made on washed and dried aggregates from the maximum
aggregate size through the full gradation down to material retained on the 0.075 mm (#
200) sieve. Materials smaller than the 0.075 mm (# 200) sieve are typically not included
in the analysis, largely due to optical resolution limitations of the device. As a result of
some measurements interacting with each other, particularly with the fine aggregate
sizes, the quantitative measures are adjusted based upon the size of the material being
measured. The differentiation between coarse and fine material is made on the 4.75 mm
(# 4) sieve. Therefore the analysis of the data will vary according to coarse or fine

aggregate measures.

3.5.1 AIMS Coarse Aggregate Analyses

The coarse aggregate measures are conducted by measuring each of 150 to 500 aggregate
particle three times. The first scan used back lighting to achieve a high contrast image of
the profile of each particle. The second scan utilizes top lighting to focus on the surface
of the aggregate to measure the height or thickness of each individual particle. The third

scan zooms in closely to quantify the surface micro-texture of each particle capturing
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features on approximately 0.5 mm (0.02 in.) or less. From those three measures, four
properties are calculated and presented for each aggregate size measured and are

summarized below.

Coarse Aggregate Angularity

The Coarse Aggregate Angularity is calculated as a Gradient Angularity (GA) which is
the quantification of the sharpness of two-dimensional images of the particles. The
higher the GA, the more angular or sharper the corners are in the two-dimensional image
of the aggregate. Strict calculation of the Gradient Angularity is presented in Equation

3.55.

n-3

% -1 Z 16: = O1.s Equation 3.55

i=1

where, GA-  Gradient Angularity;
n- total number of measured points on the particle;
0;- angle of orientation of the edge point, i.

Utilizing Equation 3.55, which sums the Gradient Angularity for each individual particle,
the result has a relative scale of zero to 10,000. Following this method of calculation a
perfect circle will have a small but non-zero value. The Gradient Angularity can be used
as a metric of its own or may be combined with other measures to further characterize the

aggregates as will be discussed further in later sections.
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Coarse Aggregate Texture

The aggregate texture (TX) is a quantification of the relative smoothness of the particle
surface, again only on the micro scale. Utilizing the wavelet method for quantification,
the texture term exhibits a relative scale from zero to 1,000 with smoother surfaces
depicted by smaller calculated texture index values. The TX is calculated from three
separate images representing the horizontal, vertical, and diagonal directions,
respectively. At a given decomposition level, TX is the arithmetic mean of the squared
values of the wavelet coefficients for all three directions (Pine, 2011). The TX is
presented in Equation 3.56, except for the proprietary decomposition function, which has

necessarily been omitted.

1 3 N ,
rx= 3_NZ Z (Di’j x, y)) Equation 3.56
=1 j=1

where, TX -  texture index;

N - total number of wavelet coefficients in an image;

i- 1, 2, or 3 for detailed images;

j- wavelet index;

D; ;- proprietary decomposition function;

x,y - location of coefficients in transformed domain.

Similar to the Gradient Angularity, the Texture Index can be used as a metric of its own

or may be combined with other measures for further characterization.

Sphericity
Sphericity is a quantity that describes the overall three-dimensional shape of a particle.

With a relative scale of zero to one, a value of one indicates equal dimensions in each
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direction of an orthogonal space, i.e. a cubical shape. Sphericity is calculated for each

particle as presented in Equation 3.57.

3 deI
SP = / d? Equation 3.57

where, SP -  Sphericity measure;
ds -  the shortest dimension of the particle;
d; - the intermediate dimension of the particle;
d; - the longest dimension of the particle.

Coarse Aggregate Flatness, Elongation, Flat and Elongated, and Flat or Elongated
Ratios

The flat and elongated measures of the AIMS are quite similar to those prescribed in
ASTM D4791 (ASTM, 2010). In the procedure, a flat particle is defined as one where
the width, or intermediate dimension (d;) of the particle is greater than the thinnest
portion (dg) multiplied by the specified ratio factor. Typically, this factor is one, three or
five. As an example, given a specified factor of three, a particle that is wider than three
times its thickness will be considered flat for that analysis. By a similar calculation, one
that is longer than three times its width will be considered elongated. Determinations of
flat and elongated will quantify, usually as a percentage of the total mass or particle
count, the portion of a certain sieve size where the maximum length exceeds the
thickness multiplied by the given ratio factor. Particles of the flat or elongated
designation will be determined by summing the representative percentages that are either

flat or elongated.
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Critically speaking, it is unlikely that AIMS flat and elongation measures will be

exactly the same as manual measures (ASTM, 2010), due to the manual method

appropriately seeking the absolute thinnest and absolute longest dimensions of a given

particle. The automated and optical nature of the AIMS measures will not possess this

directional orientation. However, the automatic measurement and strict calculation rules

should presumably lead to more consistent results over time with the AIMS

methodology.

The calculation methods for the AIMS measures of the flat and elongation

parameters are similar to those of the ASTM, even though the procedures to obtain the

inputs are quite different. Mathematically, the calculations are performed according to

Equation 3.58 through Equation 3.61.

ds
F=—
d
d
E=—
dy
d
L) _ZL
/ S dS
d, 4
ForE =— or — >R
ds  d;
where, F - Flatness Ratio;
E - elongation ratio;

L/ ¢ - flat and elongation ratio;
ForE - flat or elongated ratio;

R - specified ratio factor, e.g. 1, 3, or 5.

Equation 3.58

Equation 3.59

Equation 3.60

Equation 3.61
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Coarse Aggregate Angularity Texture Value

As mentioned in previous sections, some of the terms can be combined to provide more
of an overall assessment of the coarse aggregate characteristics in a single value. The
proposed combined factor includes the coarse aggregate texture and the angularity

gradient as presented in Equation 3.62.

CAAT =10*TX + 0.5 xGA Equation 3.62

The combined CAAT factor can provide an indication of the contribution of the
aggregate texture and angularity on the internal friction of the aggregate. Indeed, it has
been shown that this factor may be a significant parameter to the rutting resistance of
asphalt mixtures (Ulloa, 2013).

Together, these coarse aggregate measures can provide quantitative information
regarding the shape and texture of the coarse aggregate particles. These can be compared
in side by side analysis or included in more detailed analysis which combines measures
from certain sieve sizes into a combined characterization of some specific size

distribution or aggregate gradation.

3.5.2 AIMS Fine Aggregate Analyses

Similar to the coarse aggregate measures, several characteristics are also determined from
the fine aggregates. The measurement of angularity is basically measured in the same
manner as the coarse aggregate fractions. However, surface texture and flat and

elongation determination are no longer practical. Due to smaller aggregate sizes
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considered in the fine aggregate measurements, an opaque or dark colored tray is used on
materials retained on the 0.3 mm (# 50) sieve and smaller material. This is needed to

enhance the contrast between the aggregate particles and the container.

Fine Aggregate Angularity
The fine aggregate angularity is measured by the same procedure as the coarse aggregate.

Calculations are conducted in the same manner as presented in Equation 3.55.

Fine Aggregate Form 2D

As a consequence of the size of the fine aggregate beginning to approach or even
becoming smaller than the measures being made, e.g. 0.5 mm micro-texture used to
determine aggregate texture, some modification of the quantitative results are necessary.
In the fine aggregate size range, complex interactions can occur with sphericity and flat
and elongated measures becoming close in magnitude to texture determinations, thus
causing unwanted error in those calculations. Specifically when trying to quantify the
three dimensional shape of such small particles, these interactions are commonly
multiplied by resolution limits or other logistic constraints of the equipment.

As a result, a modified calculation is utilized to characterize the shape of the fine
aggregate which somewhat combines these parameters into a single Form 2D calculation.
This parameter has a relative scale of zero to 20, with a perfect two-dimensional circle
having a value of zero. Form 2D is computed solely on the two-dimensional or profile

images of the fine aggregate and is presented in Equation 3.63.



124

6=360-46 . R
. 9+00 — Itg
Form 2D = QZ(:) [—Rg ] Equation 3.63

where, Form 2D — relative two-dimensional form of fine aggregate;

0 - angle of the particular measure of interest;
Rg -  radius of the particle at the angle 6;
AB -  incremental difference in the angle 6.

Once the appropriate measures have been conducted, the information can be analyzed
and processed for different purposes. Largely depending upon how the original materials
were measured, the analysis can be conducted in several developed workbooks including
those named: stockpile, shape, degradation, surface, or blend which are discussed as
follows.

e Stockpile: The stockpile analysis method considers each of the measured sieve
sizes and combines them into a single measurement value for the entire
gradation. The measurements are combined based upon the relative contribution
of each size compared to the whole, i.e. the measures are weighted according to
the aggregate gradation for the stockpile.

e Shape: The shape calculations compare measurements of the same sieve size
obtained from different material sources. Generally, this sheet was designed to
compare different aggregate sources by comparing the same particle size for
each.

e Degradation: The degradation format 1is established specifically for
measurements before and after the Micro-Deval test procedure described in

AASHTO T327 (AASHTO, 2012). The sheet essentially quantifies the
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breakdown of the aggregate during the test into more specific measures
compared to the standard percent loss.

e Surface: The surface calculation sheet is prepared to measure the surface
characteristics of an asphalt pavement typically from a core specimen. The
measures generally provide information on the surface height macro-texture as
well as the surface texture measures, i.e. micro-texture for analysis purposes.

e Blend: The blend sheet enables established measures accumulated in the
stockpile sheets to be compiled into complete gradations according specified
blend percentages. In this manner, measures may be conducted on individual
stockpiles so that the properties resulting from changes in the bin percentages
during the design process may be estimated without having to rerun the

individual measurements.

AIMS measurements conducted as a part of this study were performed using the stockpile
sheets, but the material tested was the complete gradation used in the mix design. This
method was utilized so each gradation could be evaluated as used in the design and as

were used in the aged mixtures.

3.6 Asphalt Binder Oxidation Models

A great deal of the research efforts spent on oxidation measurements and characterization

ultimately results in some type of modeling application. While the modeling of material
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behavior is not a necessity, it is a highly sought after application for such measures. If
the asphalt industry can accurately characterize the aging characteristics of a given
mixture and appropriately model the change in those properties over time, remarkable
improvements in pavement design procedures could be realized.

Clearly, attempts have been made to accomplish this and several aging models
exist. Some are more comprehensive and therefore more complicated, but also tend to be
more accurate in their predictions. Many of these models have been developed by
researchers conducting the oxidation studies, which is a logical step for such
investigations. Therefore, as a consequence of such development efforts, many of the
models end up being strictly tied to the adopted measurement technique conducted during
a particular research effort.  This creates some ambiguity in regards to the
appropriateness of one model compared to another. Since the input measurements for the
respective models are often different, the resulting calculations are then different, it is
difficult to compare the results and determine the most effective method to use.

A select few of the more common models will be discussed in the following

sections.

3.6.1 Global Aging System

The Global Aging System, or GAS model, as it commonly termed is the aging model
currently utilized by the Pavement ME Design software (AASHTOWare, 2013). The
models are essentially a system of consecutive models that when used in succession are

intended to adequately address the aging and thus stiffening effect of asphalt binders
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within a pavement section. These models, being developed to function congruently with
the A-VTS shifting function given in Equation 3.20, Equation 3.21, and Equation 3.22
are likewise presented in terms of the binder viscosity.

The first model estimates the binder viscosity after the mixing and laydown
operations to simulate the initial stiffness of the binder immediately after construction
and is presented in Equation 3.64 (Mirza and Witczak, 1995). This formula can be used
to estimate the binder viscosity immediately after construction, unless actual
measurements of binder viscosity after aging in rolling thin film oven (RTFO) or

extracted and recovered binders after mixing and laydown are available for use.

log(log(1:=0)) = ao + a; log(10g(7orig)) Equation 3.64

where, a, = 0.054405 + 0.004082 * code
a; = 0.972035 + 0.010886 * code
Ne¢=o — binder viscosity after mixing and laydown, cP, at the ref. temp., T, °R;
Norig - Viscosity of original binder, cP, at the ref. temp., T, °R;

code - hardening resistance, takes on a value of -1, 0, 1 or 2 depending on a
ratio of the loglog ngrro and loglogneyig;

Nrrro - Viscosity of RTFO aged binder, cP, at the ref. temp., T, °R.
The next equation in the system predicts the viscosity of the binder at what is called the
surface of the pavement at any desired time in the service life of the pavement. The
surface is defined as approximately 6 mm (0.25 in.) below the actual surface of the
pavement, largely due to this model being developed from field core samples. As a
result, the so called surface measurements of the cores were assumed to include the very

surface as well as some small depth into the core (Mirza and Witczak, 1995).
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loo] _ log(log(1¢=9)) + A x ¢
08108 MNt>0 = 1+ B+t Equation 3.65

where, A = —0.004166 + 1.41213 * C + C * log(Maat) + D * log(log(n¢=())

B = 0.197725 + 0.068384 * log(C)
C = 1(2744946-193.831+log(T)+33.9366+l0g(T)?

D = —14.5521 + 10.47662  log(T) — 1.88161 log(T)?>

Ni=o — binder viscosity after mixing and laydown, cP, at temperature, T °R;

Neso - binder viscosity at time ¢, cP, at temperature, T, °R;

Maat - mean annual air temperature, °F;

T - temperature, °R;

t- time in months.
Additional model equations of the same form are also included in the GAS to represent
changes in the air void level and the viscosity as a function of depth in the asphalt
concrete layer.

As can be seen by Equation 3.64 and Equation 3.65 summarizing the GAS aging
models relevant to this discussion, these models are regression models fit to a database of
viscosity measures based largely upon unmodified binders tested at the time of
development. Based on this background information, it is fairly clear that these
predictions are valid for the set of conditions that are included in the fitting data set.
Specifically, if the binder characteristics, environmental conditions, or any other
conditions inherently built into these models change, the predicted binder viscosities may
no longer be accurate and should be considered suspect.

To improve upon the limitations of empirical models, more materials based inputs

into more fundamentally based models are being developed.
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3.6.2 Western Research Institute Procedure

A much more fundamentally based approach has recently been under development by
Mr. Ron Glaser of the Western Research Institute (WRI) in Laramie, Wyoming. This
model is founded largely upon the dual oxidation mechanism of asphalt binders that had
previously been developed at WRI by Dr. J. Claine Petersen and his colleagues (Petersen
and Harnsberger, 1998). Sparing much of the discussion on the actual chemical
processes proposed, the dual oxidation mechanism rationalizes the oxidation process to
describe the two main products of asphalt binder oxidation as sulfoxides and later in the
oxidation process ketones.

Both of these functional groups have previously been discussed in the section on the
FT-IR spectroscopy measures. Recall, the sulfoxides are the functional groups created
upon oxidation including sulfur molecules. These were identified in the FT-IR measures
as the peak developing near 1,034 cm™. The ketone structure was identified in the FT-IR
measures as the peak developing near 1,693 cm”. Ketones as identified in Figure
3.35(a), is presented as one of the molecular groups categorized in the larger functional
group of carbonyl. The carbonyl function group presents itself as a band developing
between about 1,820 and 1,650 cm™', with happens to be located on the side of the carbon
double bond peak located near 1,600 cm™.

With these oxidation products in mind as the final result of the aging process of
asphalt binder, an oxidation model was formulated based on extensive laboratory studies
(Petersen and Glaser, 2011). The proposed asphalt binder oxidation rate equation is

depicted in Equation 3.66 (Glaser et al., 2012).
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= _—— —_ _klpg t m = =
(P(0)] M(l )(1 eTH1P8:t) + ey PREME + [S = 0 + € = Ol Equation 3.66

where, [P(t)]=[S=0+C = 0],,

oxidation pressure or sulfoxide and carbonyl contents over time, t;
—7164
k, =el878e T

fast reaction rate coefficient;
—5207
ky = el09¢ T

slow or constant reaction rate coefficient;

m
P
Pg, = ( tot/ 0.74)
n
P
Pg, = ( tot/ 0.74)

P:o: - atmospheric pressure applied during aging, 0.74 atm for Laramie, Wyo.
m,n  pressure exponents, determined experimentally for constant and fast
rate atmospheric pressure, respectively;

M - time zero concentration of sulfoxide and carbonyl, fitted parameter
indicative of the aging rate of the binder;

T - temperature;°’K

t- time, days;

[S =0+ C = Ol
sulfoxide and carbonyl content of binder after RTFO aging.
Although still under development to achieve the final form, Equation 3.66 is proving to
be quite effective in the laboratory assessment of asphalt binder oxidation measurements.
These relationships provide a much better fundamental understanding of the oxidation
kinetics of asphalt binders.

To clarify, the carbonyl and sulfoxide measurements utilized in this model were
obtained utilizing the peak height measures with direct transmission method of FT-IR
spectroscopy. These measurements were made utilizing 50 mg of asphalt binder per
milliliter of carbon tetrachloride (CCls,) as the solvent with a 1 mm path-length in the

measurement cell.
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This protocol is mentioned in regards to the increase in popularity of FT-IR
measurements, specifically those measured with attenuated total reflectance attachments.
It is important to note that the appropriateness of this method has not been validated with
ATR measurements. There is the potential for concern in with ATR measurements since
the quantification measures are conducted two different wavenumbers. This can be
problematic depending upon the change in the depth of penetration (DP) between the
measurements of carbonyl, 1,693 cm'l, and the sulfoxide, 1,034 cm'l, functional groups.
This is not to state that ATR measures nor utilizing peak area determinations are not
applicable to this method, only to clarify that such assessments have not been conducted

to date and thus are unverified in terms of accuracy.

3.6.3 Texas A&M Methodology

The methodology specific to the Artie McFerrin Department of Chemical Engineering at
Texas A&M University has been developed over the course of many years under the
direction of Dr. Charles J. Glover and his research team. These models are much more
complicated when compared to the previous regression type relationships on viscosity,
but are much more applicable in the general sense of providing a clearer depiction of the
actual interactions and processes taking place during the oxidative aging of an asphalt
binder.

Although there are a few different versions of the overall process available in the
literature based upon the level of complexity in the analysis, the method essentially

comes down to a partial differential equation to represent the partial pressure of oxygen
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present in an asphalt binder film. The partial pressure of the oxygen may be likened to
the oxygen concentration, or amount of oxygen, within the asphalt binder through

Equation 3.67 (Han, 2011).

0
Co, =h (R_’]f> Equation 3.67
where, Cp, — oxygen concentration of asphalt binder phase;
h - Henry’s Law constant, temperature dependent and dimensionless;
Py, - partial pressure of oxygen gas phase;
R - ideal gas constant, 8.3144621 J/mole°K ;
T - temperature, °K.

It is well established that Henry’s Law constant is temperature dependent, thus
suggesting it should be a coefficient rather than a constant. As such, it is often
represented by the relationship found in Equation 3.68 with the hy and T, parameters
specific to the substance in question. For asphalt binders h, has been found to be 0.0076

at 30°C, thus modifying Equation 3.68 to the formula on the right (Han, 2011).

— _ — -5y _ -3
h = hy[1 4 0.00215(T —T,)] = 1.634 x 107°(T) — 2.647 * 10 Equation 3.68

where, h - Henry’s Law constant, dimensionless;
hy - h at the reference temperature, 0.0076 at 303.15°K;
T - temperature, °K.
T, - reference temperature, 30°C or 303.15°K in this case;

Based on these developed relationships, the overall equation driving the oxidation growth
within an asphalt binder film is represented by the partial differential equation presented

as Equation 3.69 in the cylindrical coordinate system.
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oP 10 aP CRT
9% ror ("DOz 5) - (T) Tca Equation 3.69
where, P — partial pressure of oxygen in the asphalt binder film;
t- time, days;
r- radial distance in calculation, relative to pore and binder shell radii;
Dy, — diffusivity of asphalt binder, m’/s;
C- experimental constant, range from 2.75 to 4.59*10™ with an average
value of 3.71*10* used in most calculations;
R - ideal gas constant, 8.3144621 J/mole°K ;
T - temperature, °K;
h - Henry’s Law constant, dimensionless;
rcq — rate of carbonyl area, CA, growth;

Due to the complex nature and significant dependency and interrelationships among
many input parameters contained within Equation 3.69, a closed form solution is not
currently available to solve the partial differential equation. Therefore, the actual
solution must be determined numerically, most easily accomplished using a mathematical
software package available for such purposes. Currently, a Matlab ® code has been
developed and is available to produce carbonyl predictions utilizing this protocol.

Some parameters included within Equation 3.69 require several additional
relationships and parameters that should be determined experimentally. One of the most
significant material inputs result from kinetics measures of the asphalt binder aged over
different durations at different temperatures. Kinetics measurements are conducted by
quantifying the oxidation of the asphalt binder at hand over the range of aging
temperatures and durations. The oxidation measures associated with this methodology
are again obtained through FT-IR spectroscopy measures to determine the carbonyl area
(CA) which was computed as the area, in arbitrary units, between the absorption

spectrum and the magnitude of the absorption at 1,820 cm™ as the baseline and between
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the wavelengths of 1,650 and 1,820 cm™. This area was calculated utilizing the FT-IR

software, Omnic, following a macro written specifically to determine the peak area

within this region. An example of the data produced by such measures is presented in

Figure 3.43.

Absorbance

Figure 3.43 Example of Carbonyl Area Measurements

Equation 3.69 includes the kinetics measures in the form of the r-4 term. This term is

aptly termed the constant rate kinetics parameter representing the constant or slower rate

of oxidation as is presented in Figure 3.44, and Equation 3.70.

—Eg
TCA == AP(xe /RT

where, 14— rate of carbonyl area, CA, growth;
A- pre-exponential factor;
P - absolute oxygen pressure during oxidation, atm;
a reaction order with respect to oxidation pressure;
E, -  activation energy, J/mol;
R - ideal gas constant, 8.3144621 J/mole°K ;

T - temperature, °K.

Equation 3.70
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Figure 3.44 Example of Constant Rate Kinetics Measurements

The measures exemplified in Figure 3.44 are considered constant rate kinetics due to each
aging temperature exhibiting a linear relationship with time. These measures are fit to
the form of Equation 3.70 by considering the oxidation rate for each isothermal aging

condition as a function of temperature, specifically the inverse of temperature and the
ideal gas constant, 1/ pT- By taking the slope of each linear temperature condition and
plotting with the 1 / g term, the relationship may be determined by the Arrhenius form of

Equation 3.70 as presented in Figure 3.45.
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Figure 3.45 Example of Constant Rate Kinetics Measurements

The oxidation kinetics of the asphalt binders are reported in this format and will be
included in further considerations of the aged binder properties.  Additional
developments at Texas A&M produced kinetics measures although chronologically
preceding, but very similar in form to those discussed with the previous WRI model. The
methodology utilized in the Texas A&M model retained the emphasis of oxidation
measures on the carbonyl area and deemed the considerations of the sulfoxide functional
group unnecessary.

To capture the oxidation behavior of the binder in the fast rate region of the kinetics
measurements, shorter aging durations are necessary for each respective aging

temperature. Graphically, the additional measures represented by Figure 3.46.



137

1.9 -
1.7 A
A
< 1.5
;;3
= 1.3 1
5 50°C
'g 1.1 - B 60°C
@) A 85°C
X 100°C
09 —Fit 50°C
07 —Fit 60°C
: Fit 85°C
——Fit 100°C
0.5 1 T T T T T T 1
0 50 100 150 200 250 300 350

Time (Days)

Figure 3.46 Example of Fast and Constant Rate Kinetics
Measurements

Similar to the fast rate and constant rate measures, k; and k, from the WRI model, the

Texas A&M version includes k; and k. determined from the initial fast rate and the
slower constant rate terms, respectively. These two can generally be combined into one

relationship for carbonyl area as depicted in Equation 3.71.
= — — e kyt
CA=CAy+ (] —CAy) » (1 —e ™) + k.t Equation 3.71

where, CA-  carbonyl area, CA;
CAy - original or tank CA measurement;

1] - initial jump, magnitude of fast rate reaction in terms of CA;
ks fast rate of CA growth;
k. slow or constant rate of CA growth;

t time, days.
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During the initial planning stages of this research, it was not fully recognized if the fast
rate kinetics measurements provide significant benefit to kinetics measurements and the
resulting binder characterization. At that time, it was suggested to improve the efficiency
of laboratory testing, initial or fast rate kinetics may be excluded. Therefore, the main
focus of this research and the vast majority of the laboratory determinations associated
with it are commensurate with the slow or constant rate kinetics measures.

In fact, the majority only include the constant rate measures as these are the
characteristics that are expected to control the oxidation process over the majority of
pavement aging. Therefore, the vast majority of the measurement and analyses included
in the study are based upon the constant rate kinetics measures depicted in Figure 3.44,
and Equation 3.70.  Significant effort has been put forth to assure the time periods
utilized for the respective aging temperatures would result in the constant rate period of
each asphalt binder. Therefore, the majority of the measures produced during this study
are intentionally past the fast rate response period.

The second most significant factor that must be determined through laboratory
measures is termed the hardening susceptibility (HS). The HS term specifically relates
the binder stiffness, here represented as LSV, 1, as a function of aging, again using the

carbonyl area. The HS relationship is defined mathematically by Equation 3.72.

Inng = HS *CA+m Equation 3.72

where, 1 - low shear viscosity of the asphalt binder, Poise;
HS - hardening susceptibility, Poise/CA;
CA -  carbonyl area, CA;
m - intercept of log ny and CA relationship, Poise.



139

The HS relationship is typically unique to each binder. However, it has been observed
through coincidence that many binder of similar composition often have similar HS
relationships. Using the same aging protocol as the kinetics studies, measurement of 7
can be determined with each CA measurement to develop HS relationships. Typically
the HS relationship for a given binder is constant with aging temperature and may be

represented as one relationship as presented in Figure 3.47 as an example.
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Figure 3.47 Example of Hardening Susceptibility Determinations

Utilizing the binder kinetics relationship, CA vs. time, and the hardening susceptibility,
LSV vs. CA, will permit many observations and studies to be conducted on the aging of
different asphalt binders and mixture configurations. Based on these capabilities, a

significant portion of this study will focus on these types of analyses. However, other
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material and environmental inputs are necessary to utilize the full oxidation predictions
available through Equation 3.69.

Other necessary inputs are derived from the results of another relationship used
with the overall model. One example of this ii the oxygen diffusivity (Do,), term
attributable to work published by Reid (Reid et al., 1984). Throughout the development
efforts of the carbonyl growth model, a correlation between the diffusivity and the
viscosity of the asphalt binder has been established (Lunsford, 1994). Further
refinements of more detailed experimentation have since been conducted and are

presented in Equation 3.73 (Han, 2011).

_ —12/.,%\—0.55
Do, =T *5.21 x107*(n,) Equation 3.73

where, Dy, — diffusivity of asphalt binder, mz/s;

T - binder temperature, °K;

Mo - shear rate limiting viscosity, LSV, Paes.
In order for the carbonyl growth model, Equation 3.69, to adequately predict the aging of
an asphalt binder, the analysis also needs sufficient temperature inputs typically utilized
as a thermal profile. A thermal profile may be as simple as isothermal conditions (i.e.
constant temperature) or they may be as complicated as hourly temperature fluctuations
from various depths in a pavement section from the field. While the isothermal
conditions are very simplistic, the hourly field temperatures a much more complicated
and generally require predictive modeling to obtain sufficient data to support the carbonyl
predictive model. Such a model for the surface temperature, Equation 3.74, has been

developed in conjunction with the carbonyl growth model at Texas A&M University
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(Han, 2011) and has also been developed into a software package at the University of

Nevada, Reno (Alavi et al., 2014).

aT,
pC——=Q,(1 — &) + e,0TF — e6Td — h (T, —T,) + k (—S)

ox Equation 3.74

where, p-— material density;
C - heat capacity;
pC —  volumetric heat capacity of the pavement;
X - depth into the pavement layer;
Ts — surface temperature, °K;
T,—  air temperature, °K;
t— time;
Qs —  heat flux due to solar radiation;
a-— albedo of pavement surface (fraction of reflected solar radiation);
g, —  absorption coefficient of the pavement;
£— emissivity of the pavement;
o - Stefan-Boltzman constant, 5.68*10® W/mz K4
h.—  heat transfer, a function of temperature and wind speed, W/mz K
k — thermal conductivity of the asphalt mixture;

Once the temperature has been determined at the surface, heat transfer through the
pavement layers can be modeled by the more classical thermal diffusion relationship

shown in Equation 3.75.

aT _ 0°T _ k (0°T
ot “\oxz) p_C dx? Equation 3.75
where, T — pavement temperature, °K;

K - thermal diffusivity.
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While these descriptive equations are far from a robust explanation of pavement
temperature profile modeling, further development and analysis discussions are included
elsewhere (Han, 2011; Alavi et al., 2014). These models are significant to this research
effort by combining the weather data from field measures and historical air temperature
inputs into the temperature profile models to provide accurate temperature predictions at
multiple locations within a pavement section as a function of time. These temperature
profiles can then be used by the carbonyl prediction model to assess the expected
oxidation within the pavement structure as described by the protocol outlined by the
Texas A&M procedures. These methods will be the basis for many of the research

efforts that have been conducted in this study.

Modifications to the Texas A&M Procedure
The previous section presented what is typically referred to as the state of practice of
oxidation modeling and characterization readily available to the asphalt pavement
community. This research was not conducted merely to provide data within the standard
practice methodology, although some of the measures will provide this benefit. During
the course of this study, a few aspects of the standard methodology were reviewed and
subsequently revised.

One such modification to the traditional methodology focused on the growth of the
CA measurement rather than considering the CA measurement itself in certain instances.
The growth is represented as the difference between the measured CA at a given aging
condition and the CA measurement of the original binder otherwise known as CArak.

By considering the CA measurements in this manner any influences of the magnitude of
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the CA measures on statistical significance determinations will be nulled by CArn. For
simplicity, the oxidation will be represented as carbonyl growth (CAg), which is defined

by Equation 3.76.

CAg = CA; = CArqny Equation 3.76

where, CA; - carbonyl area measured at specific aging condition i;
CArgany - carbonyl area of the binder at the original or unaged condition.

Another aspect of this study that has received a significant amount of investigation
contributed to modifications in the determination of the low shear viscosity. The
established method traditionally utilized dynamic shear rheometer measures at 0.1 rad/s
at 60°C as the LSV determination. It was noted that some materials were not within the
desired low shear plateau region under those testing conditions such as the example in
Figure 3.28, particularly polymer modified asphalt binders. Therefore, the protocol using
the master curves represented by the complex viscosity was developed and used for this
effort.

As a natural consequence of the proposed improvements to the LSV determinations,
it is logical to expect some slight modifications to the hardening susceptibilities of the
measured binders. While some influence may be noted, both the aged asphalt binders
and the binder recovered from aged mixtures were evaluated using the same protocol.
Therefore, the two are still considered to be valid comparisons, although the actual LSV
determinations with the modified method are expected to be more technically sound from

a rheological standpoint.
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3.7 Statistical Evaluation Methods

While a great deal of information may be obtained by observing tables of data along with
plots or figures of the same information, there are certain circumstances which require a
more detailed analysis to clearly differentiate and interpret data sets. In these instances a
wide range of available statistics tools and analysis techniques are readily available to
further analyze and distinguish significant similarities and differences.

Of the many available options, a select few statistical tools have been utilized as
part of this research effort. Those more common techniques are discussed in the

following sections.

3.7.1 Analysis of Variance

The analysis of variance, ANOVA, can be utilized within the Minitab software to test the
statistical significance of noted differences between measures or other characteristic
parameters. ANOVA provides methods to compare the mean of two or more
(MANOVA) data sets by analyzing the variance of the input data and uses the F-statistic
to determine significance of the input factors between the respective data sets.
Significance detection in this study was determined at an o value of 0.05 confidence
level, which is defined as a 5% percent chance that the determination if significance is
untrue. Specifically, if the probability term, i.e. P-value, is less than or equal to the o

value, the F-statistic is understood to be significantly influential at that confidence
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interval. Thereby finding the particular parameter used to determine the F-statistic to be
statistically significant to the analysis.

In order for these analyses to be statistically valid, several assumptions of the data
sets must be verified. The basic assumption required for ANOVA or MANOVA
statistical evaluations state that the data set must not exhibit multicollinearity among the
predictor variables which should result in random experimental errors with normal
distribution and a mean of zero and the variance of each statistical grouping should
exhibit homogeneity of variance, i.e. equal variance (Kuehl, 2000; Fernandez, 2003).
Verification of the necessary assumptions are made through visual observations of

residual calculations presented in Figure 3.48, as an example.
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Figure 3.48 Example of Visual Verification of Statistical Assumptions
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The statistical assumptions are verified by observing each of the plots contained in Figure
3.48. First, the normal probability plots should be verified to be a relatively straight line,
otherwise the error distribution is not considered normal (Kutner et al., 2004). The
frequency histogram is utilized to verify the mean of the residual errors generally follow
a normal distribution with the mean near zero. The residual plots as a function of the fit
and order can be assessed to verify the is no collinearity of the error terms with either
fitted values, i.e. magnitude of the predicted value, the order by which the data is
presented, e.g. either time or sampling order effects. These two plots can also be
observed to verify that the residual error occurs in a random fashion and is of relatively

equal magnitude, such as not dependent upon the sampling order etc.

3.7.2 Multivariate Linear Regression Techniques

Further statistical analyses were conducted utilizing multivariate linear regression
techniques. While many statistical comparisons quite similar to the ANOVA analyses
are used internal to the software calculations, linear regression modeling is used in a
fairly different fashion.

The basic assumptions required for multivariate linear regression evaluations are
quite similar to the ANOVA conditions and state that the data set must not exhibit
multicollinearity among the predictor variables which should result in random
experimental errors with normal distribution and the variance of each statistical grouping

should exhibit homogeneity of variance, i.e. equal variance (Kutner et al., 2004).
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The model function utilized in these comparisons was based upon the general linear
regression model (GLM) with some additional considerations including transformed
variables, qualitative predictor variable, and interaction terms. An example of the form

with two input variable is depicted by Equation 3.77.

Y; = Bo + B1Xi1 + B2Xiz + B3XinXiz + & Equation 3.77

where, Y; — dependent variable in the analysis;
Bo - intercept of the base equation (condition A);
By - slope of the base equation (condition A);
B - modification to the intercept of the base equation due to condition B;
ps - modification to the slope of the base of the equation due to condition B;
X;1 - independent predictor variable (quantitative in this example);
Xi» - qualitative predictor variable (dummy variable);

X;» = 0, for condition A,
X;» = 1, for condition B,
& - independent error term of normal distribution and equal variance;
i =1, ...,n as the number of input data points.
The response function can be considered to follow to form of Equation 3.78, with X, as
either a qualitative or dummy variable used to distinguish between the two data sets or a

quantitative variable which would adjust the intercept by the value of 8, and the slope of

the regression by the product of S3X5.
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E{Y} = Bo + B1X1 + B2 X5 + B3X1X;

Equation 3.78

where, E{Y}— predicted dependent variable in the analysis;

Bo - intercept of the base equation (condition A);

By - slope of the base equation (condition A);

B, -  modification to the intercept of the base equation due to condition B;

ps - modification to the slope of the base of the equation due to condition B;

X; -  independent predictor variable (quantitative in this example);

X, - qualitative predictor variable (dummy variable);

X, = 0, for condition A,

X, = 1, for condition B.
Interpretation of this response function was used extensively in this study by noting the
significance of the [, term as the significance of condition B on the intercept (5,) of
regression equation based on condition A. Similarly, the influence of the interaction term
is determined by the significance of that respective coefficient (i.e. 3). Physically, the
interaction is noted as the adjustment of the slope due to condition B on the overall or
base model slope (f;) noted as condition A. To summarize, if both influences of
condition B are found to be significant, the respective response functions for condition A

and condition B are given by Equation 3.79 and Equation 3.80, respectively.

E{Ys} = Bo + b1 X4 Equation 3.79

E{Yg} = (Bo + B2) + (B1 + B3)X; Equation 3.80

Following this form, the wvarious material factors (e.g. binder types) mixture
characteristic, aggregate sources, etc., were analyzed to detect the significance of these
factors on the various relationships considered. In this particular study, the significance

of the potentially different relationships were investigated using regression fitting and
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significance tests using the Minitab 15 software (Minitab, 2006) by analyzing the
variance of the input data and using the t-statistic to determine significance of the input
factors between the respective data sets. Significance detection was determined at an a
value of 0.05 significance level, which is defined as a 5% percent chance that the
determination if significance is untrue. Specifically, if the probability term, i.e. P-value,
is less than or equal to the o value, the t-statistic is understood to be significantly
influential at that confidence interval. Thereby finding the particular parameter used to
determine the t-statistic to be statistically significant to the analysis. It should be noted
that for a given a value the F-statistic is numerically equivalent to a two-tailed t-statistic
(Kutner et al., 2004).

Clearly, not all the regression analyses conducted in this study will contain only one
quantitative predictor variable given all the mixture characteristics parameters to be
investigated. In these instances, there is a significant potential for the independent
predictive factors to exhibit collinearity between them, which violates the assumptions of
the statistical analysis methods. To detect these potentials, correlation matrix plots and
tables were analyzed similar to the examples provided in Figure 3.49 and Table 3.5,

respectively.
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Figure 3.49 Example of Correlation Matrix Plots

Table 3.5 Example Correlation Matrix”

Total Ave |E*|

Ave CA | Va_Level | Ave Va | Accessible | Ln(LSV) | 38°C
(uncut) Va 0.1Hz

Age 0.904 0.000 -0.025 -0.029 0.669 0.546
0.000 1.000 0.886 0.869 0.000 0.001

Ave CA 0.188 0.182 0.144 0.720 0.322

B 0.271 0.288 0.401 0.000 0.055
Va Level 0.972 0.970 0.108 -0.447
B 0.000 0.000 0.531 0.006
Total Ave_Va 0.963 0.210 | -0.543
(uncut) 0.000 0.220 0.001
Ave Accessible 0.171 -0.491
Va 0.318 | 0.002
0.617

a — Each cell contains the Pearson Correlation on the top and the associated P-value on the bottom.
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If two input variable were found to exhibit significant collinearity, such as the first cell
showing the correlation between the Age and Ave CA, one of the two variables was
removed from the analysis. First, the most logically appropriate parameter would be
retained. Lacking any logical difference between the two parameters, the most influential
parameter would be determined and retained. This was conducted by first removing one
of the parameters to detect the influence associated with that parameter on the overall
regression equation. Then, the first parameter was returned to the analysis and the second
was removed. The final model included whichever parameter was found to be most
influential to the overall fitted function, while the other was omitted from the final model
form.

In more complicated portions of the analyses where more than one independent
variable were found to exhibit collinearity issues, the addition and removal of the input
parameters into the respective models were partially automated utilizing a stepwise
regression function available through the Minitab software package. Essentially, the
stepwise regression function methodically adds an input variable to a base regression
equation one at a time from a predetermined list and examines the influence of that
parameter on the overall fit of the regression equation. In a similar fashion, input
variables may also be removed from the fitted regression equation to determine their
respective influence on the overall regression analysis. In this study a method termed
forward and backward was utilized which alternatingly added and removed select input
variables from the analysis if the parameter exhibited a significant influence determined

by an alpha value of 0.15.
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Specifically in this analysis, a correlation matrix was first constructed of the input
variables to determine which exhibited significant collinearity within a given data set.
Then, logically different sets of independent variables were selected for the optional input
into the stepwise regression analyses. Following the several sets of analyses utilizing the
stepwise regression, the final model was selected based upon the overall R* value for the

model utilizing the most relevant input parameters.

3.7.3 Microsoft® Excel Regression Methods

Nearly all of data sets analyzed throughout this study were organized and initially
assessed utilizing Microsoft® Excel. As part of this initial analysis, many of the
relationships were fitted to the data sets utilizing the trend line function available as part
of the standard Excel package. Due to the large number of functions readily available,
these functions were often utilized to explore the best fit functions to representative data
sets prior to the more detailed analyses conducted with the Minitab software. In general,
this procedure aided in applying any necessary transformations necessary to conduct the
most appropriate statistical comparisons in Minitab.

In general, the trend line options determine the best fit functions for a particular
dataset utilizing sum of squares error (Microsoft, 2013). In the specific instance of
logarithmic, power, and exponential trend lines, Excel utilizes a transformed regression
model for the analyses (Microsoft, 2013). Unfortunately, the majority of these operations
are not visible to the user, which are only permitted to see the final regression model

coefficients and the calculated coefficient of determination or R” value, not R* adjusted.
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Despite the lack of comprehensive statistical analyses tools, Excel has been utilized
in this study to perform many of the calculations and prepare many of the figures used in
this study. As an example, in a spreadsheet originally developed by Dr. Elie Hajj and
further modified over the duration of this study, the dynamic modulus master curves were
developed by simultaneously fitting the master curve input parameters, i.e. §, a, 8, and v,
and the second-order polynomial shift function coefficients utilizing a recorded macro

available in the Excel software package.
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4 MATERIALS AND MIX DESIGNS

Initially, the thermal cracking subtask E2d.3 of the ARC effort focused on the
intermountain region of the United States. Later in the progression of the study, it was
decided to not limit the analysis specifically to this region. As a result, majority of the
materials used in this study came from the intermountain region, with a few additions
from outside the area. A similar situation was realized with the asphalt binder sources,
but to a lesser extent, largely due to the ARC Core materials being added to later phases
of the study.

The majority of the materials were obtained unmixed from the field, that is
aggregate stockpiles and virgin asphalt binders. This was largely done to enhance the
control of the binder aging and exposure so that these conditions could be closely
monitored and maintained constant throughout the project, i.e. without the unknown
aging conditions of the mixing process in the plant. However, a few additional field
mixtures were included for portions of this study to initiate a future field validation effort,

to be carried out at a later time.

4.1 Aggregates

At the initial planning stages, the aggregate sources were selected from various locations
throughout the western U.S. As a result, the majority of the aggregate measurements are

based on those materials. A portion of the ARC Core aggregates were included at a later
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stage, therefore a correspondingly less comprehensive assessment was made on those
materials specific to this task of the overall ARC research effort.

The main portion of this task, thermal cracking, included aggregate sources from
California, Colorado, Nevada, and Utah. In actuality, there were three sources from
Nevada including one currently available source and both aggregate sources from the
WesTrack project that took place approximately 60 miles southeast of Reno, NV in the
mid-1990s. The WesTrack materials used in this study were the original materials that
had been used during the two paving operations of the project, the first in 1995 and the
second in 1997. Both aggregates and binder samples, were obtained from the FHWA
Materials Reference Library (MRL), where they have been stored in a warehouse since
construction.

The laboratory validation samples were obtained from local paving projects in the
Reno area. These materials were not sampled as virgin aggregates and binders, but were
obtained from plant produced mixtures sampled during the paving operations of each
respective project. Although the aggregates were not exclusively tested for this project,
they are included here as background information for the aging studies in later sections.
Two of aggregates sources were obtained from the ARC core materials list and were
obtained from the Ohio test section and one from Texas A&M University. Further
discussion of these field mixtures will be reserved for the mixture section.

General information regarding the aggregate identification and source identification
are presented in Table 4.1. Note that a general notation has been included which
identifies each aggregate source as either a mixed gravel or a single hard-rock source.

These terms are intended to provide a general indication as to whether the source is a
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mixed gravel composed of alluvial and/or fluvial deposits, or if they were a more

consistent hard-rock aggregate source of one general aggregate type.

Table 4.1 Aggregate Source Identification

Aggregate

ARC

Source Database Sour.ce Source Type General Geologic | Sample
Location Name Year
ID ID
Mudstone,
Gardner, . Sandstone, Gneiss,
CAL AGS 0051 CA Mixed Gravels Chert, and Volcanic 2009
Ash
Morrison, Single Hard- Mica Gneiss, Mica
CO JAGS0052 1 Rock Schist, Quartz 2007
Complex Volcanic
Lockwood, | Single Hard- | Sequence, including
NV AGS 0053 NV Rock Basalt, Andesite, 2009
and Rhyolite
Davton Weathered Andesite,
WT95 AGS 0055 yrom, Mixed Gravels Decomposing 1995
NV .
Granite Sand
WT97 | AGS 0056 | Lockwood, | Single Hard- 1 (o o ed Andesite | 1997
NV Rock
Quartzite,
UT AGS 0054 | Utah | Mixed Gravels Limestone, 2008
Granodiorite, and
Basalt
Complex Volcanic
Moana Lockwood, | Single Hard- | Sequence, including
Lane AGS 0053 NV Rock Basalt, Andesite, 2006
and Rhyolite
Complex Volcanic
Sparks Lockwood, | Single Hard- | Sequence, including
Blvd. AGS 0053 NV Rock Basalt, Andesite, 2008
and Rhyolite
Ostrander, Single Hard- . a
OH AGS 0004 OH Rock Limestone 2012
New .
TX | AGS 0002 | Braunfels, | >mele Hard- Limestone® 2010
TX Rock

a — Reported mineralogy values, not determined as part of this study.
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From Table 4.1, it is apparent that some of the sources are common between mixtures.
The Lockwood, NV location is a presently active aggregate source just east of Reno, NV
which is operated by Granite Construction, Co. Generally, this was the same source used
for the Nevada, Moana Lane, and Sparks Boulevard mixtures. However, due to the
chronological differences these aggregates are slightly different from those noted as
WesTrack 1997, WT97. While these three Nevada sources and WT97 aggregates are
from the same aggregate source by name, a change in the physical location has resulted in

the noted change in mineralogy found in Table 4.1.

4.1.1 Stockpiles

As can be expected, each of the sources included several different stockpiles as were used
in the production of the mixtures from each respective location. Each of the stockpiles
that were eventually used to produce mixtures in the lab were tested to determine their
respective grain size distribution in accordance with AASHTO T27 (AASHTO, 2006).
Further, each respective stockpile was tested to determine their respective specific
gravities and absorptions, of water, in accordance with AASHTO T84 and T85
(AASHTO, 20006) for the coarse and fine measurements, respectively. In the tables that
follow, the specific gravity and absorption values reported are either the coarse or the fine
measurements depending on which size fraction made up the majority of each respective
stockpile, separated by the 4.75 mm (No. 4) sieve. In this manner, the measures of
gradation, specific gravity, and absorption for each respective stockpile from each source,

as measured in this particular study are reported in Table 4.2 through Table 4.8.
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Table 4.2 Measured California Stockpile Gradations and Specific Gravities

Gardner

Bee Rock

Fines Fines
Sieve Size Gradation, Percent Passing (200x)

25.0 mm (1'") 100.0 100.0 100.0 100.0 100.0 100.0
19.0 mm (3/4") 51.5 100.0 100.0 100.0 100.0 100.0
12.5 mm (1/2") 3.1 67.0 100.0 100.0 100.0 100.0
9.5 mm (3/8") 2.0 12.3 92.1 100.0 100.0 100.0

4.75 mm (No. 4) 1.5 2.5 17.9 98.9 98.9 99.9
2.36 mm (No. 8) 1.4 23 3.8 63.6 73.9 88.8
2.00 mm (No. 10) 1.4 23 3.6 56.5 67.2 84.3
1.18 mm (No. 16) 1.4 2.2 34 41.1 51.7 70.5
0.6 mm (No. 30) 1.3 2.1 32 29.2 38.8 57.2
0.425 mm (No. 40) 1.3 2.1 3.1 24.7 34.1 31.6
0.3 mm (No. 50) 1.3 2.0 3.0 20.7 29.8 17.5
0.15 mm (No. 100) 1.2 1.9 2.8 15.0 23.4 4.2
0.075 mm (No. 200) 0.9 1.5 2.2 11.1 18.3 1.9
Specific Gravity and Absorption
Bulk SG 2.463 2.362 2.302 2.214 2.625 2.435
SSD SG 2.537 2.472 2421 2.378 2.645 2.520
Apparent SG 2.661 2.654 2.613 2.650 2.680 2.659
Abs. (%) 3.02 4.67 5.18 7.43 0.79 3.46




Table 4.3 Measured Colorado Stockpile Gradations and Specific Gravities

Morrison Morrison 5:3:2; Thornton
AGC 0052 34" Classified Processed Concrete
Sand Fines Sand
Sieve Size Gradation, Percent Passing
25.0 mm (1'") 100.0 100.0 100.0 100.0
19.0 mm (3/4") 90.6 100.0 100.0 100.0
12.5 mm (1/2") 42.1 100.0 100.0 100.0
9.5 mm (3/8") 243 100.0 100.0 100.0
4.75 mm (No. 4) 54 88.4 94.8 100.0
2.36 mm (No. 8) 33 60.3 64.9 98.4
2.00 mm (No. 10) 3.1 55.5 57.0 94.9
1.18 mm (No. 16) 2.8 44.8 38.9 76.0
0.6 mm (No. 30) 2.5 36.0 23.9 46.3
0.425 mm (No. 40) 2.4 31.9 18.6 30.6
0.3 mm (No. 50) 23 27.6 14.4 16.0
0.15 mm (No. 100) 1.9 18.7 8.7 2.6
0.075 mm (No. 200) 1.5 12.0 5.5 1.1
Specific Gravity and Absorption
Bulk SG 2.628 2.604 2.581 2.694
SSD SG 2.659 2.619 2.600 2.715
Apparent SG 2.714 2.644 2.630 2.750
Abs. (%) 1.21 0.57 0.73 0.75
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Table 4.4 Measured Nevada Stockpile Gradations and Specific Gravities

AGC 0053 3/4" 12" 3/8" Crusher | Wadsworth
Fines Sand
Sieve Size Gradation, Percent Passing
25.0 mm (1'") 100.0 100.0 100.0 100.0 100.0
19.0 mm (3/4") 99.7 100.0 100.0 100.0 100.0
12.5 mm (1/2") 43.5 99.1 100.0 100.0 100.0
9.5 mm (3/8") 9.7 50.6 99.6 100.0 100.0
4.75 mm (No. 4) 1.4 1.2 283 94.5 99.2
2.36 mm (No. 8) 1.0 1.0 1.8 65.9 98.1
2.00 mm (No. 10) 0.9 0.9 1.5 59.2 97.6
1.18 mm (No. 16) 0.9 0.9 1.1 42.6 95.0
0.6 mm (No. 30) 0.8 0.8 1.0 29.5 80.6
0.425 mm (No. 40) 0.8 0.8 0.9 24.9 62.3
0.3 mm (No. 50) 0.8 0.8 0.9 21.6 39.9
0.15 mm (No. 100) 0.8 0.8 0.8 17.4 11.6
0.075 mm (No. 200) 0.7 0.8 0.7 14.0 32
Specific Gravity and Absorption
Bulk SG 2.597 2.582 2.577 2.521 2.540
SSD SG 2.650 2.641 2.637 2.606 2.611
Apparent SG 2.742 2.744 2.741 2.755 2.733
Abs. (%) 2.04 2.29 2.32 3.38 2.78




Table 4.5 Measured Utah Stockpile Gradations and Specific Gravities

AGC 0054 3/4" 7/16" 1/4" T3
Sieve Size Gradation, Percent Passing
25.0 mm (1') 100.0 100.0 100.0 100.0
19.0 mm (3/4") 100.0 100.0 100.0 100.0
12.5 mm (1/2") 54.4 100.0 100.0 100.0
9.5 mm (3/8") 11.5 89.6 100.0 100.0
4.75 mm (No. 4) 1.3 24 73.4 81.8
2.36 mm (No. 8) 1.2 1.7 8.7 57.5
2.00 mm (No. 10) 1.2 1.7 5.6 53.0
1.18 mm (No. 16) 1.2 1.6 3.1 42.5
0.6 mm (No. 30) 1.1 1.5 2.6 335
0.425 mm (No. 40) 1.1 1.5 2.5 29.5
0.3 mm (No. 50) 1.1 1.5 24 25.5
0.15 mm (No. 100) 1.0 1.4 2.0 18.0
0.075 mm (No. 200) 0.8 1.2 1.8 12.8
Specific Gravity and Absorption
Bulk SG 2.660 2.664 2.639 2.671
SSD SG 2.679 2.683 2.674 2.690
Apparent SG 2.712 2.714 2.733 2.722
Abs. (%) 0.73 0.68 1.31 0.70
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Table 4.6 Measured WesTrack 1995 Stockpile Gradations

AGS 0055 3 | g | yge | Cpuher | Wadsworth
Sieve Size Gradation, Percent Passing (2008)

25.0 mm (1") 100.0 100.0 100.0 100.0 100.0
19.0 mm (3/4") 99.8 100.0 100.0 100.0 100.0
12.5 mm (1/2") 63.5 99.9 100.0 100.0 100.0
9.5 mm (3/8") 33.7 82.6 97.5 100.0 100.0

4.75 mm (No. 4) 10.8 19.5 27.5 99.1 100.0
2.36 mm (No. 8) 5.0 4.3 5.1 76.6 99.4
1.18 mm (No. 16) 4.3 32 4.2 54.1 96.4
0.6 mm (No. 30) 4.0 2.9 3.8 39.2 79.6
0.3 mm (No. 50) 3.7 2.6 3.5 28.7 39.8
0.15 mm (No. 100) 34 2.4 3.1 20.3 10.6
0.075 mm (No. 200) 3.0 2.0 2.5 13.9 2.5

a — Stockpile was not available and was manufactured from cold feed samples as a replacement.

Table 4.7 Measured WesTrack 1997 Stockpile Gradations and Specific Gravities

AGS 0056 3/4" 12" 3/gn | Crusher
Dust
Sieve Size Gradation, Percent Passing (2008)
25.0 mm (1'") 100.0 100.0 100.0 100.0
19.0 mm (3/4") 89.9 100.0 100.0 100.0
12.5 mm (1/2") 19.7 94.0 100.0 100.0
9.5 mm (3/8") 5.7 18.4 98.9 100.0
4.75 mm (No. 4) 2.5 2.1 30.8 97.8
2.36 mm (No. 8) 2.1 1.7 5.7 66.7
1.18 mm (No. 16) 2.0 1.5 34 58.6
0.6 mm (No. 30) 2.0 1.5 34 39.7
0.3 mm (No. 50) 1.8 1.3 2.5 18.7
0.15 mm (No. 100) 1.8 1.3 24 14.7
0.075 mm (No. 200) 1.7 1.2 2.2 11.9
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Table 4.8 Measured Texas Stockpile Gradations and Specific Gravities

AGC 0002 Type C | TypeF Sg::;‘;‘;s g:;:g
Sieve Size Gradation, Percent Passing (2012)
25.0 mm (1") 100.0 100.0 100.0 100.0
19.0 mm (3/4") 98.5 100.0 100.0 100.0
12.5 mm (1/2") 68.1 100.0 100.0 100.0
9.5 mm (3/8") 28.9 99.7 100.0 100.0
4.75 mm (No. 4) 6.2 57.6 96.9 99.0
2.36 mm (No. 8) 34 7.9 87.7 87.6
2.00 mm (No. 10) 3.2 6.0 85.0 84.1
1.18 mm (No. 16) 3.0 3.6 76.5 70.6
0.6 mm (No. 30) 2.8 2.9 62.0 52.3
0.425 mm (No. 40) 2.8 2.8 433 433
0.3 mm (No. 50) 2.7 2.7 15.9 33.7
0.15 mm (No. 100) 2.6 2.6 1.7 17.7
0.075 mm (No. 200) 2.5 2.5 0.9 8.5

To be clear, the stockpile gradations, specific gravity, and absorption measures provided
in Table 4.2 through Table 4.8 were measured in the lab directly, as part of this
investigation. The year the samples were obtained and tested has been provided as a
reference to help differentiate these particular measures from previously determined ones.
Specifically, both WesTrack and the Texas stockpile gradations had been determined as
part of the initial sampling of those materials upon their establishment as part of the ARC
study.

However, some of the mixtures used were not necessarily prepared in the laboratory
and were mixed by plant production in the field. These mixtures already have established
stockpile information, all of which may or may not have been determined after the fact.

For example, both WesTrack mixtures have had extensive measures reported during the
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original WesTrack experiment, but the mixtures used in this study were prepared from
the raw materials obtained from the MRL, as previously discussed. Conversely, some of
the mixture gradations utilized were obtained solely from the plant produced mixtures
and thus the individual raw materials were no longer available or not retained for testing.
This occurred with materials from the Moana Lane, the Sparks Blvd., and the Ohio
section. In these instances, the mix design or other previously published stockpile
information has been provided in Table 4.9 through Table 4.14, again with the
publication date in the second row of the table. As is common practice for mix design
reporting, the specific gravity and absorption measures are only reported for the
combined gradation and not the stockpiles. Therefore, they have been omitted from the

summary tables.

Table 4.9 Established WesTrack 1995 Stockpile Gradations

(Epps et al., 2002)
AGS 0055 34v | 12 | g | Crusher | Wadsworth
Dust Sand
Sieve Size Gradation, Percent Passing (1994)

25.0 mm (1') 100.0 100.0 100.0 100.0 100.0
19.0 mm (3/4") 99.8 100.0 100.0 100.0 100.0
12.5 mm (1/2") 63.5 99.9 100.0 100.0 100.0
9.5 mm (3/8") 33.7 82.6 97.7 100.0 100.0

4.75 mm (No. 4) 10.8 19.5 29.8 99.8 99.7
2.36 mm (No. 8) 5.0 4.3 6.4 76.3 99.0
1.18 mm (No. 16) 4.3 32 5.0 533 96.0
0.6 mm (No. 30) 4.0 2.9 4.4 383 79.9
0.3 mm (No. 50) 3.7 2.6 3.9 26.3 40.1
0.15 mm (No. 100) 34 2.4 34 17.6 11.0
0.075 mm (No. 200) 3.0 2.0 2.8 11.3 3.3
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Table 4.10 Established WesTrack 1997 Stockpile Gradations

(Epps et al., 2002)
AGS 0056 34n | 1an | 3gn | Crusher

Dust

Sieve Size Gradation, Percent Passing (1997)
25.0 mm (1'") 100.0 100.0 100.0 100.0
19.0 mm (3/4") 96.8 100.0 100.0 100.0
12.5 mm (1/2") 29.4 99.5 100.0 100.0
9.5 mm (3/8") 7.4 49.7 99.5 100.0
4.75 mm (No. 4) 3.0 1.8 313 98.5
2.36 mm (No. 8) 2.0 1.3 4.7 73.0
1.18 mm (No. 16) 1.6 1.1 2.4 47.9
0.6 mm (No. 30) 1.5 1.0 2.0 33.6
0.3 mm (No. 50) 1.3 0.9 1.8 24.8
0.15 mm (No. 100) 1.2 0.8 1.6 19.4
0.075 mm (No. 200) 1.0 0.7 1.5 15.6

Table 4.11 Established Texas Stockpile Gradations

AGS 0002 Type C | Type F SX:;‘I‘;‘LS g::g
Sieve Size Gradation, Percent Passing (2003)
25.0 mm (1") 100.0 100.0 100.0 100.0
19.0 mm (3/4") 98.7 100.0 100.0 100.0
9.5 mm (3/8") 215 93.0 100.0 100.0
4.75 mm (No. 4) 34 65.3 99.4 97.4
2.36 mm (No. 8) 1.4 29.0 74.8 85.3
0.6 mm (No. 30) 1.3 8.9 40.0 64.5
0.3 mm (No. 50) 1.3 3.8 20.0 15.0
0.075 mm (No.200) | 1.0 3.6 3.6 2.5




Table 4.12 Established Moana Stockpile Gradations® Both PG64-22

and PG64-28 Designs

pLonrpGosas | 34 | 12 | s | M| Lme
Sieve Size Gradation, Percent Passing (2006)

19.0 mm (3/4") 100.0 100.0 100.0 100.0 100.0 100.0
12.5 mm (1/2") 39.2 100.0 100.0 100.0 100.0 100.0
9.5 mm (3/8") 4.2 53.6 100.0 100.0 99.8 100.0
4.75 mm (No. 4) 0.7 1.2 18.0 94.5 98.7 100.0
2.36 mm (No. 8) 0.7 1.1 1.6 63.3 97.1 100.0
2.00 mm (No. 10) 0.7 1.1 1.4 56.4 96.5 100.0
1.18 mm (No. 16) 0.7 1.0 1.3 39.9 93.2 100.0
0.6 mm (No. 30) 0.7 0.9 1.1 26.8 77.2 99.7
0.425 mm (No. 40) 0.7 0.9 1.0 22.7 59.5 99.7
0.3 mm (No. 50) 0.7 0.8 1.0 19.7 39.0 99.7
0.15 mm (No. 100) 0.7 0.8 0.9 15.4 11.3 99.7
0.075 mm (No. 200) 0.6 0.7 0.7 12.2 32 83.0

a — Values reported from project mix design found in Figure 16.3 and Figure 16.4.

Table 4.13 Established Sparks Blvd. Stockpile Gradations®

PL 0018 | oaze | oayge | Rock Wadsworthl i,
Sieve Size Gradation, Percent Passing (2008)
19.0 mm (3/4") 100.0 100.0 100.0 100.0 100.0 100.0
12.5 mm (1/2") 38.1 100.0 100.0 100.0 100.0 100.0
9.5 mm (3/8") 6.7 50.0 99.9 100.0 100.0 100.0
4.75 mm (No. 4) 0.9 1.0 19.0 97.4 98.5 100.0
2.36 mm (No. 8) 0.7 1.0 1.2 72.3 96.4 100.0
2.00 mm (No. 10) 0.7 0.7 1.0 63.8 95.6 100.0
1.18 mm (No. 16) 0.7 0.6 0.8 44.8 914 100.0
0.6 mm (No. 30) 0.7 0.6 0.8 29.7 72.1 99.7
0.425 mm (No. 40) 0.7 0.6 0.8 25.0 52.4 99.7
0.3 mm (No. 50) 0.7 0.6 0.7 21.3 32.1 99.7
0.15 mm (No. 100) 0.6 0.6 0.7 16.8 8.3 99.7
0.075 mm (No. 200) 0.5 0.5 0.5 13.5 2.1 83.0

a — Values reported from project mix design.
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Table 4.14 Established Ohio Stockpile Gradations®

AGCo | R etone | Sand.
Sieve Size Gradation, Percent Passing (2012)
25.0 mm (1'") 100.0 100.0 100.0
19.0 mm (3/4") 100.0 100.0 100.0
12.5 mm (1/2") 100.0 100.0 100.0
9.5 mm (3/8") 95.0 100.0 100.0
4.75 mm (No. 4) 20.0 99.0 100.0
2.36 mm (No. 8) 6.0 67.0 86.0
1.18 mm (No. 16) 4.0 37.0 61.0
0.6 mm (No. 30) 4.0 21.0 37.0
0.3 mm (No. 50) 4.0 12.0 10.0
0.15 mm (No. 100) 4.0 7.0 4.0
0.075 mm (No. 200) 35 52 3.2

a — Values reported from project mix design.
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As occasionally happens with different time periods or even different production runs for

a given material, some of the measured properties of the stockpiles did not exactly match

those previously established from the source during the design processing.

comparisons were only possible with the WesTrack and the Texas aggregate sources.

These
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Table 4.15 Difference in Established and Measured WesTrack 1995
Stockpile Gradations

AGS 0055 34" | 12" | 38" Cg‘j:‘ter Wag::c‘l’”h
Sieve Size Differences in Gradation, Percent Passing
25.0 mm (1') 0.0 0.0 0.0 0.0 0.0
19.0 mm (3/4") 0.0 0.0 0.0 0.0 0.0
12.5 mm (1/2") 0.0 0.0 0.0 0.0 0.0
9.5 mm (3/8") 0.0 0.0 0.2 0.0 0.0
4.75 mm (No. 4) 0.0 0.0 23 0.7 203
2.36 mm (No. 8) 0.0 0.0 1.3 -0.3 -0.4
1.18 mm (No. 16) 0.0 0.0 0.8 -0.8 -0.4
0.6 mm (No. 30) 0.0 0.0 0.6 -0.9 0.3
0.3 mm (No. 50) 0.0 0.0 0.4 -2.4 0.3
0.15 mm (No. 100) 0.0 0.0 0.3 2.7 0.4
0.075 mm (No. 200) 0.0 0.0 0.3 -2.6 0.8

a — Stockpile was not available, thus was manufactured from cold feed samples as a replacement.

Table 4.16 Difference in Established and Measured WesTrack 1997
Stockpile Gradations

AGS 0056 3an | 12m | 3g | Crusher
Dust
Sieve Size Differences in Grz.idation, Percent
Passing

25.0 mm (1') 0.0 0.0 0.0 0.0
19.0 mm (3/4") 6.9 0.0 0.0 0.0
12.5 mm (1/2") 9.7 5.5 0.0 0.0
9.5 mm (3/8") 1.7 313 0.6 0.0
4.75 mm (No. 4) 0.5 -0.3 0.5 0.7
2.36 mm (No. 8) -0.1 -0.4 -1.0 6.3

1.18 mm (No. 16) -0.4 -0.4 -1.0 -10.7
0.6 mm (No. 30) -0.5 -0.5 -1.4 -6.1
0.3 mm (No. 50) -0.5 -0.4 -0.7 6.1
0.15 mm (No. 100) -0.6 -0.5 -0.8 4.7
0.075 mm (No. 200) -0.7 -0.5 -0.7 3.7
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Table 4.17 Difference in Established and Measured Texas Stockpile

Gradations
AGS 0002 Type C | TypeF szr:::izdgs oo
Sieve Size Differences Gradation, Percent Passing
25.0 mm (1') 0.0 0.0 0.0 0.0
19.0 mm (3/4") 0.2 0.0 0.0 0.0
9.5 mm (3/8") -7.4 -6.7 0.0 0.0
4.75 mm (No. 4) -2.8 7.7 2.5 -1.6
2.36 mm (No. 8) -2.0 21.1 -12.9 2.3
0.6 mm (No. 30) -1.5 6.0 -22.0 12.2
0.3 mm (No. 50) -1.4 1.1 4.1 -18.7
0.075 mm (No. 200) -1.5 1.1 2.7 -6.0

As can be seen in Table 4.15 through Table 4.17, some of the gradations varied
considerably from the established values. The maximum difference was found to be 22
percent as determined by subtracting the measured values from the established
gradations. However, in an effort to not alter the mix design based upon the current
gradation measures and thus lose the historical or reference value of the mixtures, the
overall combined gradations were compared to those in the established design
documents. If appreciable deviations between the combined gradations existed, as
determined by allowable measure between two laboratory measures (d2s) available from
AASHTO T27 (AASHTO, 2006), the combined gradation was adjusted and checked
again. Through this iterative method of batching and gradation verification, the
combined gradation of each produced mixture matched those of the established gradation
within practical limits. For some of the more problematic sources, this required hand
batching each specimen on each sieve in the measured gradation, i.e. all 12 sieve sizes for

the 19 mm (3/4 inch) NMAS gradations.
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4.2 Asphalt Binders

Similar to the aggregates utilized in this study, the asphalt binder were initially
concentrated around sources in the western U.S. This initial plan was soon expanded to
eventually include a total of fifteen asphalt binders from seven sources or suppliers,
including the four ARC Core binders.

A summary of the nomenclature used in this study along with information regarding
the continuous performance grade, binder supplier, binder modification, and sampling
date is summarized in Table 4.18. The continuous performance grade (PG) of the asphalt
binders were determined in accordance with AASHTO M320 (AASHTO, 2006) which

preceded and did not include measures of the Multi-Stress Creep Recovery test (MSCR).



Table 4.18 Asphalt Binder Source Identification
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Asphalt

Continuous

. ARC Binder Binder Sample
Binder Database ID Performance Supplier Modification Year
D Grade PP
PG64-22 BI 0052 PG66.8-25.3 | Faramount None 2007
Petroleum
3% Styrene-
PG64-22 BI00SO | PG77.1-25.1 | raramount | o diene- | 2007
+ 3% SBS Petroleum
styrene, SBS
PG64-22 BI 0052 Paramount | 10% Hydrated
+10% Lime FI10011 N/A Petroleum Lime 2007
PG64-22 BI 0052 Paramount | 20% Hydrated
+20% Lime FI10011 N/A Petroleum Lime 2007
Paramount Styrene-
PG64-28 BI 0051 PG70.0-31.4 butadiene- 2007
Petroleum
styrene, SBS
Base Stock | BI 0046 N/A Paramount None 2010
Petroleum
WT95-22 BI 0053 PG66.2-20.7 | Vst Coast None 1995
Refinery
Idaho
WT97-22 BI 0054 PG67.8-20.8 None 1997
Asphalt
Moana 22 BI 0047 PG64-p¢ | Paramount None 2006
Petroleum
Paramount Styrene-
Moana 28 BI 0048 PG64-28? butadiene- 2006
Petroleum
styrene, SBS
Paramount Styrene-
Sparks 28 BI 0049 PG64-28" butadiene- 2008
Nevada
styrene, SBS
BI1 b PDVSA,
PG67-22 BI 0001 PG69.6-28.2 Venezuelan None 2010
BI2 b
PG64-16 BI 0002 PG68.3-17.2 Valero None 2010
BI3 b Holly
PG58.28 BI 0003 PG60.7-29.6 Frontier None 2012
Styrene-
Bl4 b Shelly i
PG70-22 BI 0004 PG74.3-24.3 Materials butadiene- 2012

styrene, SBS

a — Specified binder grades reported from project mix design.
b — Binder grading conducted by the University of Wisconsin-Madison in collaboration with the ARC.
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As presented in Table 4.18, several binders have been supplied by Paramount Petroleum
from their terminal in Fernley, NV. In fact, the first four binders listed have the same
asphalt binder components, only the latter few have had styrene-butadiene-styrene, SBS
polymer, or differing amounts of hydrated lime added to the PG 64-22.

Additional binder were aged with hydrated lime was added to the PG 64-22 binder
in proportions of 10 and 20 percent by mass of binder. The binders that were aged with
lime additions were not fully graded due to the focus of this study being on the aging
characteristics of the binders and not strictly the influence of lime on the binder grade.
The addition of the lime technically made these materials a mastic rather than a binder,
thus they were not PG graded.

Another companion set of binders were also tested with the PG 64-28 and Base
Stock binders. Base Stock was the representative unmodified base binder that was then
modified with SBS to achieve the PG 64-28 grade. As the base binder, it was requested
that Base Stock not be graded, therefore those tests were not conducted.

Although the two WesTrack binders were initially reported as PG64-22, they were
two different binders from two different sources with fairly significant different material
properties, especially aging characteristics as will be seen in later sections. Further
observation of the WesTrack binders reveals that their measured continuous grade
temperatures do not fully meet the reported grade of PG 64-22. This is presumably due
to the extended storage time of the binders at ambient temperatures. The binder samples
were obtained from the FHWA MRL in Sparks, NV where they had been stored since the
original paving operations in 1995 and 1997, respectively. Apparently, ten to twelve

years of storage unfrozen may permit some aging of the asphalt binders in spite of being
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stored in sealed containers. This is of fairly little consequence to this project, since all
measures and calculations have been determined from that point forward. It would have
been preferred that the binders still met their original grades, however it was determined
that having the same binders would be a better long-term comparison to field validation
effort to follow this particular study.

The Moana Lane and Sparks Boulevard binders were not graded since they were
obtained from the plant produced mixtures, the same as the aggregates from those
mixtures. Rather than relying on the rolling thin film oven (RTFO) to simulate the
production aging at the plant as is currently under investigation by NCHRP Project 9-52,
the binders were reported according to the specified PG grade on their respective mix
designs. This was further compounded by the limited supply of these binders due to the
fact that were obtained by extracting and recovering the binder from the sampled plant
produced mixtures.

The mixture designs comprised of the individual stockpiles presented in Table 4.2
through Table 4.8 and the asphalt binders provided in Table 4.18 will be discussed in the

following mixture design section.

4.3 Mix Designs of Laboratory Mixtures

Utilizing the aggregate stockpiles defined in Table 4.2 through Table 4.8 were combined
in the specific proportions provided in Table 4.19 through Table 4.23 to create the

combined gradations presented in Table 4.24 which were used in the individual mix



174

designs. These combined gradations were utilized along with the asphalt binders defined
in Table 4.18, to produce the several mixtures that were designed in the laboratory. Two
levels of qualitative gradations were used for many of the aggregate sources, intermediate
and fine, with the exception of the WesTrack materials which were defined as coarse and
fine as determined by the Superpave design method found in AASHTO M323

(AASHTO, 2006).

Table 4.19 Bin Percentages for Laboratory Determined Mix Designs,

California
Aggregate Stockpile Stockpile
Source Percentages

Gardner 19 mm 13.0
Gardner 12.5 mm 25.0
California Gardner 9.5 mm 12.0
Intermediate | Gardner Crusher Fines 40.0
Bee Rock Crusher Fines 0.0
Gardner Sand 10.0
Gardner 19 mm 8.0
Gardner 12.5 mm 6.0
California Gardner 9.5 mm 18.0
Fine Gardner Crusher Fines 59.0
Bee Rock Crusher Fines 0.0
Gardner Sand 9.0

Table 4.20 Bin Percentages for Laboratory Determined Mix Designs,

Colorado
Aggregate Stockpile Stockpile
Source Percentages
Morrison 3/4” 58.0
Morrison Classified Sand 12.0
Colorado
Intermediate Platte Vallgy 0.0
Processed Fines
Thornton Concrete Sand 30.0




Table 4.21 Bin Percentages for Laboratory Determined Mix Designs,

Nevada
Aggregate Stockpile Stockpile
Source Percentages
3/4” 20.0
Nevad 1/2” 15.5
evada »
Intermediate 38 24.0
Crusher Fines 21.0
Wadsworth Sand 20.0
3/4” 17.7
1/2” 5.5
Nevada 3/8” 26.5
Fine
Crusher Fines 26.8
Wadsworth Sand 24.4

Table 4.22 Bin Percentages for Laboratory Determined Mix Designs,

Utah
Aggregate Stockpile Stockpile
Source Percentages
3/4” 9.5
Utah 7/16” 23.6
ta -
Intermediate 1/4 40.4
T3 Fines 4.3
Wadsworth Sand 22.2
3/4” 11.5
7/16” 18.2
Utah 1/4” 264
Fine

T3 Fines 9.0
Wadsworth Sand 34.9
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Table 4.23 Bin Percentages for Mix Designs, WesTrack

Aggregate Stockpile Stockpile
Source Percentages
3/4” 31.0
1/2” 19.0
WesTrack 3/8” 10.0
Eﬁg Crusher Dust 13.5
Wadsworth Sand 25.0
Hydrated Lime 1.5
3/4” 24.0
WesTrack 1/2” 15.5
1997 3/8” 27.5
Coarse Crusher Dust 31.5
Hydrated Lime 1.5

The intermediate and fine design gradations noted in Table 4.24 are depicted in Figure
4.1 and Figure 4.2, respectively. The specific gravity and absorption values reported are
the combined coarse and fine measurements combined in proportion of the percent
retained and passing the 4.75 mm (No. 4) sieve, respectively.

To clarify, the Utah aggregate gradations were 12.5 mm (1/2 inch) NMAS
gradations, with the remainder of the blend gradations, both intermediate and fine,
meeting the requirements for 19 mm (3/4 inch) NMAS. Further, the Max Density Line
plots in both Figure 4.1 and Figure 4.2 correspond to the 19 mm (3/4 inch) NMAS
gradations and not the 12.5 mm (1/2 inch). For a direct comparison, additional plots
including both the intermediate and fine gradations, coarse and fine for WesTrack, for
each respective aggregate source have also been provided in Figure 4.3 through Figure

4.6.
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Table 4.24 Laboratory Determined Combined Gradations and Specific Gravities

Aggregate California Colorado Nevada Utah WesTrack
Source
Gradation | Int. Fine Int. Int. Fine Int. Fine 1997 1 9.95
Coarse | Fine
Dﬁzﬁ)(;se AGC | AGC AGC AGC | AGC | AGC | AGC | AGC | AGC
D 0051F | 0051G | 0052D | 0053F | 0053G | 0054G | 0054F | 0056F | 0055E
Sieve Size Blend Gradation, Percent Passing
253,1,1)"“ 100.0 | 100.0 100.0 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0
1?3(;41,1,1)111 93.7 96.1 94.6 99.9 99.9 100.0 | 100.0 99.2 99.9
1%17213,1)“1 79.2 90.3 66.4 88.6 89.9 95.7 94.8 82.8 88.5
9('35/!;‘,‘,‘)“ 644 | 855 | 561 | 744 | 812 | 89.1 | 879 | 695 | 754
alche 52.5 70.8 43.7 46.9 57.1 55.9 61.9 41.4 48.9
(No. 4)
236mm | o | ues | 386 | 342 | 423 | 283 | 421 | 256 | 384
(No. 8)
2.00 mm
(No. 10) 32.2 41.8 36.9 32.6 40.3 26.7 40.8 - -
1.18 mm
(No. 16) 24.6 31.5 29.8 28.5 35.1 24.7 38.2 16.8 33.9
0.60 mm
(No. 30) 18.5 232 19.7 22.8 28.0 20.8 32.2 12.1 27.6
0.425 mm
(No. 40) 14.1 18.2 14.4 18.2 22.3 16.6 25.4 - -
0.30 mm
(No. 50 11.1 14.6 9.5 13.0 15.9 114 17.2 9.1 15.7
0.15 mm
(No. 100) 7.4 9.9 4.2 6.4 7.9 4.6 6.6 7.2 6.8
0.075 mm
(No. 200) 5.4 7.3 2.6 4.0 4.9 2.5 3.0 5.8 35
Specific Gravity and Absorption
Bulk SG 2.308 | 2.276 2.600 2557 | 2564 | 2.644 | 2.616 | 2.592 | 2.545
Abs. (%) 5.44 5.97 0.90 2.71 2.45 1.48 1.66 2.66 2.48
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Once the combined gradations were defined, it became necessary to establish the base
mix design of each respective mixture. In practicality, the gradations were determined as
part of the mix design process, as is the current state of practice for mix design
methodology. The base mix designs were conducted following the Superpave design
method in general accordance with AASHTO M323 (AASHTO, 2006). In an effort to
conserve materials, not all the consensus properties of all the aggregate sources were
determined since each source was actively producing hot mix asphalt mixtures and thus
general compliance was assumed. A summary of each mix design for the laboratory
mixtures used in the study are presented in Figure 15.1 through Figure 15.10, which can
be found in Appendix C.

Each of the designs was conducted with 100 gyrations as the design compaction
effort, with the optimum binder content determined at the 4% air void level. All other
relevant volumetric properties were verified for compliance at the optimum binder
content. Moisture susceptibility, in the form of the tensile strength ratio (TSR) was also
measured as part of the mix design process in accordance with AASHTO T283
(AASHTO, 2006). However, changes to the mixtures were not made solely based upon
failing TSR measures. As such, only the two WesTrack mixtures contained hydrated
lime and none of the other laboratory mixtures contained lime or any other anti-stripping

agents, despite several designs not meeting the minimum criteria for tensile strength ratio.
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4.4 Field Mixtures

The field mixtures were a part of the larger field validation efforts that are not directly a
part of this manuscript, but will be included in the model development and validation
efforts which are being completed by Zia Alavi and other colleagues at the University of
Nevada, Reno.

Three samples were obtained from two active projects being administered by the
Regional Transportation Commission (RTC) of Washoe County, NV. The two samples
identified as Moana Lane were obtained from the top, PG 64-28, and bottom lifts, PG 64-
22, of the Moana Lane Extension project in Reno, NV constructed in 2006. The
extension project can now be identified as Airway Drive. The project limits extended
Moana Lane from Neil Road to Louie Lane under RTC contract 5309. The Moana Lane
Extension was constructed with an SBS modified PG 64-28 binder for a minimum
thickness of two inches placed on top of the binder course containing the unmodified PG
64-22 utilizing the same aggregate gradation in both 75 blow Marshall mix designs.

The Sparks Boulevard samples were obtained from the reconstruction efforts on
Sparks Boulevard from Springland Drive to Baring Boulevard in Sparks, NV in 2008.
The Sparks Boulevard project was constructed with seven inches of a 75 blow Marshall
mix design containing Lockwood aggregates and an SBS modified PG 64-28 binder.

Mixtures from both the Moana Lane extension and the Sparks Blvd. projects were
Type II gradations, 19 mm (3/4 inch) NMAS in accordance with the Standard

Specification for Public Works Construction (SSPWC, 2006). By coincidence, all three
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mixtures were produced by Granite Construction Co. with aggregates from their
Lockwood facility combined with asphalt binders from Paramount Petroleum.

The fourth material being considered as a field mixture was obtained from the
overlay project on US-23 southbound in Delaware County Ohio constructed utilizing
ARC Core materials and associated with the Long-Term Pavement Performance (LTPP)
field section 390901. The asphalt binder, an SBS modified PG 70-22 supplied by Shelly
Materials is referenced as BI 0004 CORE in the ARC Database. The mixture was
likewise produced by Shelly Materials with AGC 0004 aggregates, resulting in the plant
produced mixture PL 0004. The BI4 binder was obtained as virgin binder which was
tested for the binder kinetics and hardening susceptibility (HS) determinations. The
mixture-aging studies were conducted on the plant produced mixtures samples from the
paving operations of the Ohio test section conducted in 2012.

For reference all four sample locations are provided in Table 4.25. All four field
mixtures were utilized for both the binder aging studies as well as validation of the
laboratory aging studies to be completed as part of the oxidation modeling efforts being

conducted by others.



Table 4.25 Field Mixture Sample Locations
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Mixture ARC %slﬁg::_t Sample Locati Sample
ID Database ID a pie Location Year
Grade
Northbound Inside
Moana 22 PL 0016 PG64-22 Lane at Sta. 75+80, 2006
Second 3 inch Lift
Intersection of Neil
Moana 28 PL 0017 PG64-28 and Moana, Top 2006
Lift
Northbound at
Intersection of
Sparks 28 PLOO18 PG64-28 Springland Drive 2008
and Sparks Bld.,
Top Lift
LTPP Section
OH PL 0004 PG70-22 390901 2012

a — Specified binder grades reported from project mix design.
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S EXPERIMENTAL MATRIX

The objective of this research effort was investigated through the execution of a partial
factorial experimental plan utilizing the materials and gradations discussed in Chapter 4.
The experiment was conducted with a partial factorial design due to the high number of
conducted measures and the long aging durations necessary to characterize the oxidative
aging behavior of both the asphalt mixtures and the accompanying asphalt binders.

To accomplish these analyses, many of the exploratory measures described in the
methodology sections of Chapter 3 were applied to their respective material types,
namely aggregates, binders, mixtures, or mastics over a range of aging conditions. To
clarify the experimental factors being investigated, the overall experimental matrix will
be based upon the respective aging conditions for each respective material, as discussed

in the following sections.

5.1 Asphalt Mixture Evaluation

Initial considerations of the asphalt mixtures were focused on capturing the effects of the
mixture characteristics on the aging of the mixtures. This was addressed by varying the
characteristics of the mixture and the components used to create the mixture, i.e. the
aggregate and asphalt binder, to adequately explore the main factors in the experimental
design as a function of aging or time. The main factors evaluated in the laboratory

investigation are as follows:
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e Aggregate Factors
* Qualitative Gradation
» Aggregate Absorption
= Aggregate Mineralogy
e Asphalt Binder Factors

=  Unmodified Binder
= Modified Binder

e Mixture Characteristic Factors
= Asphalt Binder Content
»  Mixture Density or Air Voids
To address each of these in the partial factorial experimental design, the laboratory
mixture experimental matrix has been organized into two tables. Table 5.1 was initiated
by the ARC subtask E2d.3-b and was intended to investigate the influence of the
aggregate absorption, a portion of the aggregate mineralogy, the asphalt binder type, and
the asphalt binder content on the aging of the incorporated asphalt binders. Table 5.2
originated from ARC subtasks E2d.3-b and ¢ which were intended to investigate the
experimental factors described as the qualitative gradation, additional aggregate
mineralogy, and mixture density or air voids and decipher their influence on the aging of
the asphalt binder component.
The mixture identification nomenclature used for the mixtures consists of
NVI19I128 5.22 60C 4% 3mo indicated: Nevada aggregates with a 19 mm (3/4 inch)
NMAS Intermediate gradation mixed with PG64-28 binder at 5.22% binder content by

total weight of mix (TWM) was aged in a 60°C forced draft oven, after being compacted
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to the 4% total air void level after cutting, for the prescribed time period (0, 3, 6, or 9

months).

Table 5.1 Subtask E2d.3-b Laboratory Mixture Experimental Matrix

. Optimum T.e sted B“.lder Air ARC
Aggregate . Binder . Binder Film .
Gradation Binder . Void | Database
Source Grade (% TWM) Content |Thickness (%) D
° (% TWM) | (um) °
6.65
Int. 64-22
LLO0051Fa LL 0051Fd
CAL = 7.44 9.0 7
Int. 64-28 ;
n LL0051Fb 751 9.0 7 | LL 0051Ff
4.36 4.5 11.7 7 | LL 0052Dd
Int. 64-22
o n LL0052Da 361 9.0 7 | LL 0052Dc
4.40 4.5 11.6 7 | LL 0052De
Int. 64-28
n LL0052Da 365 9.0 7 | LL 0052Df
5.18 4.5 7.0 7 | LL 0053Fc
Int. 64-22
. n LL0053Fa 538 9.0 7 | LL 0053Fd
5.11 4.5 7.4 7 | LL 0053Fe
Int. 64-28
n LLO0053Fb 599 9.0 7 | LL 0053Fg




Table 5.2 Subtask E2d.3-b&c Laboratory Mixture Experimental Matrix
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Tested
. . AR
Aggregate . Binder | Binder Fllm Afr ¢
Gradation Thickness | Voids | Database
Source Grade | Content o
oTwany | B | (%) ID
4 LL 0051Fc
Int. 64-22 7.44 9.0 7 LL 0051Fd
CAL 11 LL 0051Fe
Fine 64-22 9.14 9.0 7 LL 0051Gb
4 LL 0053Ff
Int. 64-28 5.22 9.0 7 LL 0053Fg
NV 11 LL 0053Fh
Fine 64-28 6.00 9.0 7 LL 0053Gb
4 LL 0054Gb
Int. 64-28 3.79 9.0 7 LL 0054Gc
UT 11 LL 0054Gd
Fine 64-28 5.22 9.0 7 LL 0054Fb
4 LL 0056Fb
Coarse \6)\22927 5.10 9.2 7 LL 0056Fc
WT 11 LL 0056Fd
Fine | w0 | 520 9.0 7| LL005SEb

Evaluated Mixtures

To clearly define the experimental design relative to the aggregate absorption, i.e. subtask

E2d.3-b, as depicted in Table 5.1, the aggregates are composed of those defined in Table

4.24 along with the asphalt binders as defined in Table 4.18. To reiterate, the PG 64-22

binder identified in Table 5.1 and Table 5.2 is the unmodified asphalt binder BI 0052.



189

Similarly, the PG 64-28 binder identified in Table 5.1 and Table 5.2 is the SBS modified
asphalt binder BI 0051. Further, the two PG 64-22 binders noted in the WesTrack mixes
are the WT95 (BI 0053) for the fine gradation design and the WT97 (BI 0054) for the
coarse design, respectively. Each of the mixtures described in Table 5.1 and Table 5.2
were evaluated as a function of oxidative aging induced by different durations in
laboratory ovens.

A discrepancy is clearly evident between the optimum binder content established in
the mix designs in Appendix C and the asphalt binder contents utilized in this study as
presented in Table 5.1 and Table 5.2. Close observation will reveal that almost none of
the mixtures were prepared or evaluated at the optimum binder content, except for the
WesTrack95 fine mixture. The WesTrack mixtures were prepared following the same
mix design proportions used during the two respective construction cycles of the field
experiment, i.e. 1995 and 1997. As a comparison, the two mixtures evaluated replicated
the field mixtures from the original WesTrack sections 1 and 15 for the WesTrack95
mixtures and sections 38 and 56 for the WesTrack97 mixtures, respectively.

For the other mixtures. the binder contents utilized in this investigation were 4.5%
by TWM and a variable binder content that resulted in a calculated 9 um apparent film
thickness (AFT). The 4.5% TWM binder content was selected as a rough average of the
optimum binder contents that did not necessarily match any particular mixture. This
method was applied to the Nevada and Colorado mixtures for both the PG 64-22 and PG
64-28 binders, but was not used with the California aggregates. This was largely due to

the optimum binder content for the California mixtures being more than two percent
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above the 4.5% target binder content. As a result, the California mixtures were
investigated only at the binder content which resulted in a calculated AFT of 9 um.

The inclusion of the constant binder content into the investigation was intended to
isolate and explore the influence of the aggregates on the aging characteristics of the
asphalt binder. The different aggregate sources present variations of the absorption,
mineralogy, and surface characteristics on the aggregates themselves. Perhaps not the
most ideal experimental design to have more than one variable change at a time, this was
the most practical approach to use actual aggregates from active aggregate sources.
Although more fundamental studies would include more exact isolations of each
aggregate characteristic, but this would yield impractical and necessarily manufactured
aggregate materials. This particular effort was intended to include more natural
aggregate sources that were currently being used in production facilities.

With a constant binder content, changes in the aggregate present different levels of
absorption, which directly necessitate changes in the absorbed binder content that have a
direct effect on the effective binder content. The variations in the effective binder
content, in turn, create differences in the apparent film thickness. By maintaining a
constant air void level and presumably a similar pore structure within the mixture, it is
logical to assume the evaluation will practically isolate the binder film thickness, with
some potential influence of the aggregate surface adsorption and chemistry. Further
consideration of the potential influence of the aggregate adsorption will be discussed
further with the analyses of those measured results.

The other mixtures included in the experimental matrix of Table 5.1 and all the

mixtures included in Table 5.2 were those created with a calculated apparent film
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thickness of 9 um. These binder contents were determined by calculating the AFT of
each of the binder contents used in the mix design determinations and selecting the binder
content that corresponded to 9 um under the design conditions.

There have been arguments made as to the accuracy and even the relevance of film
thickness calculations. However, they are still quite common in the asphalt industry
since film thickness calculations tend to provide relevant information on the useable
binder content within a given mixture. Therefore, the binder film thickness was one of
the controlling parameters in this particular study on mixture aging characteristics.

While there are a few different methods available to calculate the binder film
thickness in a given mixture (Radovskiy, 2003), most of them provide a strictly
calculated value. Since it is quite difficult to actually measure the thickness of an asphalt
binder film on even a single aggregate, the asphalt industry is left to rely on calculated
values based on a few reasonable assumptions. Attempts have been made to quantify the
actual binder film using scanning electron microscopy and visual microscopy (Elseifi et
al., 2008). However, complications occur with fine materials creating mastic rather than
an aggregate with a finite asphalt binder film thickness.

Even though the physical representation of the calculated values may not be as
direct as desired, film thickness determinations have been found to be linked to both short
and long-term aging rates of asphalt mixtures based on measures of viscosity,
penetration, and complex modulus of asphalt binders recovered from mixtures using the
Abson method (Kandhal and Chakraborty, 1996). Prior studies found the hardening of
asphalt binders in a mixture correlated with air voids, permeability, and film thickness

(Goode and Lufsey, 1965). Additional studies has suggested that calculated film
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thickness values combined with mixture permeability were relevant to predictions of the
hardening resistance of a given asphalt mixture (Kumar and Goetz, 1977).

As such, this particular investigation utilized the binder film calculation
methodology that determined the apparent film thickness following the procedures
outlined in the NCHRP manual on hot mix asphalt design (Christensen, 2010). The fact
that such a significant number of the mixtures were tested at the 9 um AFT binder
content warrants further discussion of the determination of the apparent film thickness.

From the design manual (Christensen, 2010), a series of volumetric calculations
permit the determination of the apparent film thickness as depicted by Equation 5.1
through Equation 5.6, which were used to determine the AFT for the mixtures included in
this study. Essentially, the determination of the AFT for a particular mixture requires the
specific gravity of the aggregate, the combined gradation of the aggregate, the asphalt
binder content, and the maximum theoretical specific gravity of the mixture as presented

in Equation 5.8.

LT — 1,000VBE
~ SePGp Equation 5.1

where, AFT — apparent film thickness, um;
VBE - volume of effective binder, % total volume of mixture;
Ss - specific surface of the aggregate gradation, m’/kg;
P - aggregate content, % by total weight of mixture, 100 — P;
Gmp - bulk specific gravity of the mixture.

The specific surface of the aggregate is essentially represented by the surface area of the
entire aggregate gradation. The specific surface is based upon the aggregate gradation as

presented in Equation 5.2. An abbreviated version of Equation 5.2 has been developed
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and is presented in Equation 5.3, however, the long form of the determination, Equation
5.2, has been utilized in this study. The percent stone (P;) may be determined by
subtracting from 100 the value of the binder content (P,) as the percentage by total
weight of the mixture, which is a common input parameter for asphalt mixtures. The
bulk specific gravity of the mixture (G,,;) is also a common measure utilized to

characterize the density of a compacted mixture.

. = (Tg0060) [14(Ps0 = Par) + 2.0(Prns = Pas) + 28(Pos — Pro)
) S
+3.9(Pyg — P125) + 5.5(P125 — Pos) + 8.9(Pgs — Pu75)
+ 179(P4_75 - P2.36) + 36.0(P2.36 - P1.18) + 71'3(P1.18 - P0.60) Equation 5.2
+ 141(Pos0 — Po.30) +283(Po30 — Po.1s) + 566(Po.15 — Po.o75)
+1,600(Pg 75)]
S = Po30 + Po1s + Poo7s
s = 5 Equation 5.3
where, Ss - specific surface of the aggregate gradation, m’/kg;
Gsp - bulk specific gravity of the aggregate;
Pso - percent passing the 50 mm (2 inch) sieve;
P; - percent passing the i™ mm sieve from 50 to 0.075mm

as depicted by Equation 5.2 and Equation 5.3, respectively.

Once the aggregate component of the AFT calculation has been determined, the next
significant contribution is the volume of effective binder (VBE). The VBE can be
understood to represent the volume of asphalt binder added to a mixture which has not

been absorbed into the aggregate and is thus available to influence the overall
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performance of the mixture. The calculation of VBE is presented by Equation 5.4 with

each of the corresponding inputs as determined by Equation 5.5 and Equation 5.6.

VBE = VB —VBA

Equation 5.4
where, VBE - volume of effective binder, % total volume of mixture;
VB -  total volume of asphalt binder, % total volume of mixture;
VBA - volume of absorbed binder, % total volume of mixture.
P,G
VB = bYmb )
Gy Equation 5.5
where, VB - total volume of asphalt binder, % total volume of mixture;
P, - percent of asphalt binder, % total weight of the mixture;
Gmp - bulk specific gravity of the mixture;
Gp -  specific gravity of the asphalt binder.
vBA =G, |24 L 100
TG, T G G Equation 5.6
where, VBA - volume of absorbed binder, % total volume of mixture;
Gnp - bulk specific gravity of the mixture;
P, - total percent of asphalt binder, % total weight of the mixture;
Gp -  specific gravity of the asphalt binder;
P - total percent of stone or aggregate, % total weight of the mixture;
Ggp - specific gravity of the aggregate;
Gmm - theoretical maximum specific gravity of the mixture or Rice value.

As stated previously, the determination of the AFT for a particular mixture requires much

fewer inputs than the previous three equations. This reduction in input parameters is

accomplished by substituting Equation 5.5 and Equation 5.6 into Equation 5.4, which

yields Equation 5.7.
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VBE =G i —100
- omb [@ " G Equation 5.7

By substituting Equation 5.7 back into the original calculation of Equation 5.1, AFT can
be found for a particular mixture by the specific gravity of the aggregate, the combined
gradation of the aggregate, the asphalt binder content, and the maximum theoretical
specific gravity of the mixture, as stated previously. Equation 5.8 is a much simpler
equation to calculate and does not involve all the potential errors in measurement of G,y

or Gy, etc.

1,000 (100 —-P,) 100

AFT = .
Ss(100 — Py) Gp Grmm Equation 5.8

The formula for AFT presented in Equation 5.8 makes logical sense by the G
establishing the absorbed binder in terms of specific gravity of the aggregate (Ggp)
modified by the applied P, spread over the surface of the aggregate (S;).

Therefore, two sets of mixtures were produced in the laboratory; those with 4.5%
TWM and those with a mix-specific binder content to yield the 9 um apparent film
thickness. These laboratory produced mixtures were then aged in the laboratory ovens
for their respective durations prior to the evaluation testing procedures.

Due to the varied mixture components and compaction levels utilized in this study,
photographs of representative laboratory prepared specimens can be found in Figure 17.1
through Figure 17.16 of Appendix E. Those figures present the uncut sample as they

were aged in the ovens, the dynamic modulus specimens and the side-cut UTSST
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specimens as a visual reference of the aggregate orientation, visual porosity, and overall
structure of each mixture.

Additional mixtures, as mentioned in the laboratory validation section, were also
compacted in the laboratory and subjected to different aging conditions prior to the
evaluation testing be conducted. These field mixtures included in the laboratory
validation efforts were prepared from plant produced mixtures and compacted in the
laboratory, with the exception being the Texas mixture which was mixed in the
laboratory rather than in an HMA plant. The laboratory validation mixtures were all

compacted to a nominal air void level of 7% in the cut specimen.

Laboratory Aging of Mixtures

Each of the laboratory prepared mixtures depicted in of Table 5.1 and Table 5.2 were
short term aged in a loose condition at 135°C (275°F) for four hours prior to compaction
to their respective air void levels. The same mixtures are compacted and aged in an
uncut condition in a forced draft oven at 60°C (140°F) for durations of 0, 3, 6, and 9
months, with a month representing 28 days.

As the result of a few curiosities with the binder aging studies that will be discussed
later, two of the mixtures were aged under a different set of oven conditions. The two
mixtures were the Lockwood aggregates mixed with the PG64-28 binder and the
California aggregates mixed with the PG64-22 binder. Both mixtures were compacted to
all three air void levels (i.e. 4, 7, and 11%). These mixtures were then aged for 0.5, 1 and

3 month durations at 85°C (185°F) prior to the evaluation testing.
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It was suspected, and soon confirmed, that the oven aging could distort and even
cause gross shear failure of some of the compacted sample, especially those with higher
asphalt binder contents and higher air void levels, i.e. lower overall mix stability. As a
result, many of the mixtures that were suspected to exhibit this instability at the aging
temperatures were wrapped in an expanded wire shell to restrict any potential movement,
but still permit the free flowing conditions for air circulation around and into the
specimens. Any mixtures that did distort or were noted to have any damage due to the
aging duration were excluded from testing and replaced by additionally prepared and
aged specimens as applicable. Figure 5.1 presents an example of samples that failed

during aging along with the reproduced specimens secured in wire mesh wrapping.

e

e

(b)

Figure 5.1 WesTrack 1997 Coarse Aging Samples (a) Top View
without and (b) Side View with Wire Mesh
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Even though the height or sample diameter were not determined before or after the
application of the oven aging, careful visual observations were made to determine if any
noticeable deformations were present. Further, of all the measurements made on all of
the aged specimens, only the 3 month samples aged at 85°C (185°F) exhibited any signs
of aggregate disruption or other significant influence traceable back to the aging
conditions. Further discussion of those results will follow in the appropriate section
relevant to that topic.

Once the mixture specimens completed their respective aging durations, they were
cut to the appropriate test specimen geometry and were tested for bulk specific gravity to
determine the air void of the cut specimens, utilizing the same theoretical maximum
specific gravity (G,,,,) as determined by the mix design procedure. Specifically, the
same G,y,,, value was used for all aging conditions of the mixtures; thereby necessitating
the G,,,, determination was not specifically of the same aging condition as the bulk
specimen. This was done for practical reasons, namely that it would have been
unreasonable to age the G,,,, specimen for the prolonged durations that the specimens
were exposed to, nor could those aging conditions be expected to be the same for
compacted and loose mixtures.

Following the underwater and saturated surface dry portions of the G,
determination, the cut specimens were dried for 48 hours in front of high capacity fans
under ambient conditions to dry the specimens and determine the dry mass as needed for
the air void calculation. The specimens were then immediately wrapped in plastic cling
wrap and placed in a freezer at -18°C (0°F) at least overnight or until the remainder of the

testing could be conducted. This was done for three main reasons. The first is that the
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oxidation of the samples is much reduced by placing the specimen in low-temperature
environments, especially when the flow of replenishing oxygen is minimized with the
plastic wrap. Second, not all of the samples could be tested immediately upon the
conclusion of their respective aging duration, especially early on in the project when a
large number of specimens were being prepared at the same time. Lastly, all the
specimens were placed in the freezer overnight to maintain that all the specimens had run
through a single cooling cycle to -18°C only once. Thus, any steric or other physical
hardening that may have been instilled in the frozen specimens would be a constant

influence applied to all specimens, for consistency sake.

Asphalt Mixture Evaluation Testing

Once the respective aging had been applied and the specimens were prepared, frozen
once, then thawed at ambient temperatures, they were ready to proceed with the
scheduled testing protocol composed of the measures discussed in the methodology
sections of Chapter 3. Referencing those details, the mixtures were tested for dynamic
modulus measures and evaluation by the Uniaxial Thermal Stress and Strain Test.

Upon completion of the E* testing, those samples were broken down in general
accordance with the preparation method for the determination of the theoretical
maximum specific gravity outlined in AASHTO T209 (AASHTO, 2006), before being
sealed in a snap closure plastic bag and returned to the -18°C (0°F) freezer for a
minimum duration of overnight. The loose mixtures were then ready to proceed through
the extraction and recovery operations discussed previously and outlined in Appendix B

to retain the aged asphalt binder for further testing as outlined in the following section.
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5.2 Asphalt Binder Evaluation

The asphalt binder evaluation was primarily focused on aging the asphalt binders to
different oxidation levels in open pans exposed to atmospheric air pressure and oxygen
concentrations over a range of aging temperatures. The samples were aged in pressure
aging vessel (PAV) pans however no additional air or oxygen pressure was applied to the
samples during aging. The PAV pans were aged in specialized forced draft ovens, which
were selected to provide precise and consistent temperature control, generally within
0.7°C.

The aging samples were prepared in standard PAV pans with the dimensions of 140
mm (5.5 inch) diameter by 9.5 mm (3/8 inch) deep as specified in AASHTO R28 and
T179 (AASHTO, 2006). Utilizing the specific gravity of each asphalt binder, an
appropriate mass of asphalt binder was added to each pan to result in an asphalt film
thickness of 1 mm (~0.04 inches) according to Equation 5.9, which generally resulted in

about 15.7 grams of binder in each PAV pan.

GprT[dzh
b= 4 Equation 5.9
where, M, - mass of asphalt binder, gram,;
Gp -  specific gravity of the asphalt binder;
pw -  density of water, 1 g/cm’;
d - diameter of PAV pan, cm;

h - thickness of the asphalt binder film, 1| mm = 0.1 cm.



201

The sample pans were placed on multiple racks, with eight samples per rack as standard
practice. At each of the prescribed intervals, the sample pans were removed from the
aging, a minimum of two at a time. This was exercised so that a normalized rate of aging
of the binder could be maintained by strategically selecting the location of the pans
included with each sample interval throughout the aging duration. Initially, concern was
expressed that different locations within a given aging oven may yield slightly different
temperatures and differing amounts of air flow, and thus a variable oxygen supply.
Differences in these parameters critical to the oxidation of the asphalt binder led to
careful planning to alternate the location of the paired aging pans.

Essentially, the systematic selection of the pan locations by alternating between the
top and bottom racks and front and backs rows of a given column within a particular
oven. As an example, for the first aging duration in a given column, the pan from the
front row of the top rack would be combined with the pan from the back row of the
bottom rack. The second sampling would combine the back row of the top rack with the
front row of the bottom rack, and so on toward the center racks of the oven. When
combined in this manner, it was found that the given asphalt binders did not receive
differential aging, but were aged in a repeatable fashion and were not dependent upon the
sample location within the ovens.

In this fashion, the aging pans containing the asphalt binders were aged for different
durations at the temperatures levels presented in Table 5.3. As presented in the table, a
few different aging protocols were followed in this study. Initially, the duration of the
50°C aging ranged from 60 to 320 days as were utilized with the first six binders

evaluated. Further exploration in this study highlighted the necessity to reduce the
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overall duration of the laboratory aging in an effort to expedite these types of long term
aging studies. Therefore, the longer durations at 50°C were reduced to 180 and 240 days
for both WesTrack and the binders extracted and recovered from the field produced
mixtures. As previously discussed in the methodology of section 3.6.3, these aging
durations at their respective temperatures were specifically designed as part of the
experimental matrix to yield kinetics measures previously described as constant rate
kinetics relationships. As discussed in these previous sections, it was decided as part of
the original experimental design, that the constant rate kinetics were likely sufficiently
precise to characterize the oxidative aging characteristics of the relevant asphalt binders
and mixtures included as part of this overall research effort.

The final set of conditions for the asphalt binder aging and kinetics studies were
conducted on the ARC Core materials. Clearly, double the number of measures were
conducted on as many aging conditions as were included in the constant rate kinetics
measures of the other binders. Observation of these additional aging conditions notes
that these durations were much shorter in length as the previous two evaluations. The
reason for this was to evaluate the early or fast rate kinetics parameters of the four core
binders. It was decided that even if this particular study were based solely on the
constant rate kinetics measures, including the associated modeling efforts being
conducted in parallel to this study, it would still be a valuable asset to the overall research
effort to record in the ARC Database both the fast and constant rate kinetics data for
future use, if desired.

As aresult, the asphalt binder aging temperatures and their corresponding durations

are presented in Table 5.3.



Table 5.3 Binder Kinetics Aging Conditions
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Aging Temperature

. 50°C 60°C 85°C 100°C
Asphalt Binders (122°F) (140°F) (185°F) (212°F)
PG64-22,
PG64-28, 1.83,3.75,
Base Stock, 60, 120, 200, | 30, 60, 100, | 7.5, 15, 25, 6.25, 10 days
PG64-22+3%SBS, 320 days 160 days 40 days (44, 90, 150,
PG64-22+10%Lime, 240 hours)
PG64-22+20%Lime
ggz;g 1.83,3.75,
Moars 55 60, 120, 180, | 30, 60, 100, | 7.5, 15, 25, 6.25, 10 days
: 240 days 160 days 40 days (44, 90, 150,
Moana 28, 240 hours)
Sparks 28
BI 0001 481530, | 2.4.8.15. | 05,12 4, | 0083025051,
BI 0002 2,4,7, 12 days
60, 120, 180, | 30, 60, 100, | 8, 15,25,
BI0003 240 days 160 days 40 days (2, 6, 12, 24, 43,
BI 0004 Y Y YS | 96, 168, 288 hours)

As a consequence of Reno being at a significantly higher elevation than sea level, the

atmospheric pressure in the laboratory was not quite one atmosphere (atm) of pressure.

In the laboratory where the binders were aged, it has been estimated that the atmospheric

pressure was closer to 0.83 atm. As a result the partial pressure of the applied oxygen for

the oven aged samples was approximately 0.168 atm as opposed to more commonly used

values of 20% near sea level. This adjustment may need to be considered when utilizing

the kinetics measures from these materials relative to other elevations and oxygen

pressures.

As a result of these aging conditions, several different aging levels were created that

permitted the evaluation of the aging characteristics of these binders by the methods

previously discussed in Chapter 3 and summarized in the following section.
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Asphalt Binder Evaluation Testing

As previously discussed in Chapter 3, the evaluation of the asphalt binders included
quantification of both the changes in the chemical structure and the physical behavior of
the asphalt binder as a result of the induced oxidation. The chemical structure was
determined through measurements made with the Fourier-Transform Infrared
Spectroscopy and quantified as calculations of the carbonyl area. The physical measures
were largely based upon rheological measurements conducted on the dynamic shear

rheometer and the resulting calculations based on those measures.

5.3 Laboratory Validation

The portion of this study being termed the laboratory validation testing, was generally
intended to utilize the evaluation methods used with the laboratory prepared mixtures and
apply those methods to field produced mixtures. Further, the results of these efforts were
intended to provide a separate set of measures to aid in the statistical validation efforts
being conducted after this evaluation phase of the overall effort had been completed.

As a result, the asphalt binders were evaluated in a nearly identical fashion as
outlined in section 5.2 previously. The kinetics and hardening susceptibility measures
were conducted on the respective asphalt binders. Specifically, the Moana Lane and
Sparks Blvd. asphalt binders were extracted and recovered from the mixtures to obtain

the necessary materials for the binder kinetics and hardening susceptibility measures.
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Conversely, the binders used in the Texas and Ohio mixtures were readily available
as the ARC core materials and were thus tested as virgin binders. The Ohio mixtures
evaluated were the plant produced loose mixtures that were compacted in the laboratory
for the appropriate aging in the laboratory ovens and subsequent testing. Being that the
Ohio materials were obtained from an actual field project, relevant field samples are
anticipated to be included in the evaluation once they have been allotted varied levels of
time to age in-situ to aid in the overall validation effort of this study.

On the other hand, the Texas materials did not directly have field sections
associated with them. Therefore, those mixtures were prepared in the laboratory and
aged in the laboratory ovens as well, resulting in the term laboratory validation.

These materials with the specific focus to establish a more practical and user
friendly evaluation system, these mixtures were aged in laboratory ovens at 85°C (185°F)
for 0, 0.5, and 1 month (28 day) durations. This was to reduce the overall time
requirement for this type of evaluation coupled with the noted issues of the samples aged
for 3 months at 85°C (185°F) previously in the study. Some of the longer asphalt binder
aging duration were also reduced as noted in the previous asphalt binder aging section.

As a result, shorter duration aging conditions for both the asphalt binder and the
mixtures aged in the laboratory were examined in an effort to provide a more time
efficient strategy, founded upon the experience and measured results of the more rigorous

laboratory mixture evaluation phase.
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5.4 Summary of Mixture and Asphalt Binder Testing

An abbreviated summary of the mixture and asphalt binder testing processes is depicted
in flowchart of Figure 5.2. Beginning in the upper left of the figure, the process is
initiated with the development of the relevant aggregate selection and gradation, which
were then mixed with the selected asphalt binder creating the mixture. The mixture was
then subjected to the appropriate short-term aging conditioning prior to compaction of the
mixture to the desired density or air void level. The compacted mixtures were then
subjected to varied levels of oxidative aging in laboratory ovens over different durations
as the chart proceeds to the left. After the aging was complete and the specimens were
trimmed to the appropriate geometry, they were evaluated with either E* or UTSST
measurements, in the upper right of the figure. Continuing through the center of the
figure, the binders were then extracted and recovered lending to the completion of the
asphalt binder measurements of partial kinetics and the hardening susceptibility measures
with the FT-IR and the DSR on the bottom right of the figure.

The asphalt binder kinetics and hardening susceptibility determinations are also
depicted by the asphalt binder sample shown, again in the upper left of the figure. The
binder evaluation then proceeded to the PAV pan-aging over their respective
temperatures and duration along the bottom of the figure, which ultimately ended up with
the same FT-IR and rheological measures as the binders recovered from the mixtures.

The succinct objective of this study revolves around the comparison of these
material measures and calculated oxidation parameters. Specifically, the influence of the

aggregates, i.e. absorption, adsorption, mineralogy and qualitative gradation, as well as
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the mixture properties, i.e. air voids and binder content, on the overall aging performance
of the evaluated mixtures and their respective asphalt binders were the main evaluations

conducted.
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Long-term oven aging:
3, 6,9 mo. at 60°C 1

Mixture Testing

0.5, 1, 3 mo. at 85°C

Short-term

oven aging: No LTOA
4 hrs at (i.e. 0 mo.)
135°C

Rheology, DSR
LSV

Binder
Kinetics C A
Aging:
4 x 4 matrix FTIR,
Carbonyl Area

Figure 5.2 Flowchart of Mixture and Binder Evaluation

0¢
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5.5 Asphalt Binder-Aggregate Interaction

Further attempts were made on an exploratory basis, i.e. not on all the relevant aggregate
and asphalt combinations, to directly quantify the complex interaction between the
asphalt binder and the aggregate on the aging of asphalt mixtures and binders. The
analysis termed saturates, aromatic, resins, and asphaltenes (SARA) separates the asphalt
binder into those four fractions based upon the combined effect of molecular weight,
solubility of the asphalt binder in certain solvents presenting differences in molecular
polarity, and adsorption characteristics of the asphalt binder to the medium placed in the
separation column.

Measures on the California, Nevada, and Texas aggregate sources were conducted
by what is termed a modified SARA analysis. In these measures, the standard alumina
based medium had been replaced by a sand fraction from the respective aggregate
gradations. The fraction of the gradation used was sized by passing through the 0.60 mm
(No. 30) sieve and washed over the 0.30 mm (No. 50) sieve. The fractions used from the
Nevada and California aggregates were both the intermediate gradation while the Texas
aggregates only had a single reported combined gradation. This aggregate fraction was
selected based on the characteristics of the gradations being considered.

The SARA analysis requires a fairly clean and relatively single-sized material of
diameter nominally smaller than 1 mm (~0.04 inch) as the separation medium. The 0.30
mm (No. 50) sieve size was particularly selected due to the suspected influence of the

Wadsworth sand used in a few of the analyzed mixtures. Previous explorations of this



210

type (Robertson et al., 2006) suggested that silica content of the aggregates had a
significant influence on the adsorption characteristics of the asphalt-aggregate interaction
with a given binder. There was also a somewhat lesser effect of calcium content of the
aggregate noted as well. The mineralogy of Wadsworth sand is primarily quartz, which
has significant silica content. The gradation of Wadsworth sand stockpile shows a
significant proportion of that stockpile is retained on the 0.30 mm (No. 50) sieve. By
combining these two effects, it was anticipated that this particular sand size would
provide the clearest indication of any significant effects of the gradation on the binder
separations. The Texas aggregates were also examined to specifically exclude the silica
content, but also to include the high calcium content of the limestone.

The binders used for these separations were both the PG 64-22 and PG 64-28
binders with the intermediate gradations of both the Nevada and California aggregates, a
4x4 matrix to correspond to the mixtures prepared within this study. Similarly, the Texas
aggregates were combined with the Venezuelan BI 0001 PG 67-22 binder, just as in the
mixture aging evaluation.

These analysis techniques were initiated and conducted by a collaborative effort
with P. Michael Harnsberger and A. Troy Pauli at the Western Research Institute in

Laramie, Wyoming.
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6 AGGREGATE TEST RESULTS AND DISCUSSION

In addition to the standard test methods to determine the gradation and specific gravity of
the aggregates, each of the aggregate sources was also examined by the Aggregate Image
Measurement System (AIMS) along with an analysis based on visual petrography. Each

of those determinations are discussed in the following respective sections.

6.1 Petrographic Analysis

As discussed in the methodology section, the petrographic analysis was conducted to
identify the mineralogical constituents of each aggregate source in accordance with
ASTM C295 (ASTM, 2010). To conserve resources, the petrographic analyses were
limited to a reasonable number where only the main component of each aggregate source
was analyzed. Typically, the majority of the coarse aggregate stockpiles within a given
aggregate source exhibited fairly consistent mineralogical characteristics based upon
inspections of hand sample. As a result, for most of the aggregate sources only a
representative selection of the coarse aggregate stockpiles were submitted for
petrographic analysis. However, if a certain sand or fines portion of one of the stockpiles
varied significantly, it was also considered in the mineralogical consideration.
Petrographic analysis provides details on the individual minerals components found

within the aggregate. Considering the amount and specific combinations of the observed
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minerals combined with other physical observation of the specimens, i.e. weathering,
layering, alterations, etc., the classification and thus official name of the rock can be
identified as previously discussed in the material description of Chapter 4. The thin
sections are prepared by gluing a section of each specimen to a microscope slide and
grinding it thin enough to pass visible light though it. As discussed previously, the light
used during petrographic analyses focused on polarized and cross-polarized light.
Presentation of the results are provided in Table 6.1 through Table 6.6, and visual
representation of the overall aggregate gradation along with photographs of the thin

sections under the appropriate lighting conditions are provided in Appendix F.



Table 6.1 Petrographic Examination of California Aggregates
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Bee Rock
Gardner Aggregate Crusher
Properties Fines
Mudstone | Sandstone Gneiss Chert Voic;mc Limestone
Constituent
Percent (%) 48 33 12 5 2 100
Particle Sub- Sub- Sub- Angular to Very
Shape Angular, | Angular to Angular Sub- Round Angular
Sub-Round Round Round
Surface Smooth Suga
Smooth Smooth Smooth where Smooth gary
Texture Crystalline
fractured
Grain Size <<] mm 1 mm <1 mm <<] mm <1 mm <1 mm
Dark grey Red to
Color with green | Light tan Light tan White Light tan
. dark gray
tint
Too fine
. . Quartz,
Mmer.eq gralngd to Feldspar, anﬁz Silica Quartz Calcite
Composition | identify, . veining
; mica
Serpentine
General Moderately None Moderately Fresh, Fresh, Fresh
Condition | weathered noted weathered Dense Porous
Powdery
Weakly coating on
Coatine/ cemented Stained on | Manganese | weathered
& Iron Oxide with Iron Oxide | weathered | dioxide edges,
Incrustations . .
calcium edge (dendrites) | Manganese
carbonate dioxide
(dendrites)
) Unit
Deleterious None None None ossibl None Potentiall
Constituents noted noted noted DOSSIDLY noted Y
deleterious

The California aggregate source largely consisted of a blend of marine sediments,

siliceous flows, and ash flows. The open and somewhat porous textures gave rise to the

atypically high absorption rates noted. Because of this high absorption, the Gardner

material was included in this analysis.




Table 6.2 Petrographic Examination of Colorado Aggregates

Colorado Aggregate
Properties Morrison Morrison Morrison
Mica Gneiss Mica Schist Quartz
Constituent
Percent (%) 50 47 3
. Angular, Angular, Sub-
Particle Shape Sub-Angular Sub-Angular Angular
Surface Medium t(.) Medium Grain Smooth
Texture Coarse Grain
Grain Size 2 mm I mm 1 mm
Pink to red and Dark grey PO.WdGW
. white with
Color dark grey to with round . .
. light link
black pink tints .
tint
Quartz — 40%
Mineral Orthoclase — Biotite — 25%
. Quartz
Composition 35% Quartz — 30%
Biotite — 25%
General Moderately Moderately Fresh
Condition weathered weathered
Coatmg/ Iron.O.x1de None noted | None noted
Incrustations staining
Deleterious _ Biotite mica .
Constituents Biotite with foliation Vein quartz
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The Colorado coarse aggregate is the crushed and angular material summarized in Table

6.2.

However, the blended gradation also included the clean silica sand from the

Thornton concrete sand stockpile. Similarly, the Platte Valley processed fines were a

washed, but not as clean, siliceous sand material.
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Table 6.3 Petrographic Examination of Nevada Aggregates

Nevada Aggregate
Complex Volcanic Wadsworth
Properties Sequence Sand
Basalt, Andesite, Quartz Lithic Plagioclase
Rhyolite Clasts Feldspar
Constituent
Percent (%) 100 50 45 5
Particle An;lilb;r to An;lilb;r to | Sub-Angular
Angular, Sub-Angular to Sub-
Shape Sub- Sub- Rounded
Rounded Rounded
,?,lel;i?;z Fine grained Crystalline | Aphanitic | Crystalline
Grain Size <1 mm 1-2 mm 1-2 mm 1-2 mm
White to Grey to Pinkish
Color Grey Grey Brown Grey
Basalt,
Quartz: <10%, Biotite Andesite,
Mica: <10%, Plagioclase and
Mineral Feldspar (microscopic): Rhyolite Plagioclase
Composition 80% Minor Clay Quartz exhibiting Feldspar
alteration minerals and minor clay
Lithic Clasts: <10% alteration
minerals
General . . Minor Minor
Condition Minor weathering Sound weathering | weathering
Minor iron staining,
Coatlng/ minor sandy coating, None noted | None noted | None noted
Incrustations likely broken rock
fragments
. Presence of | Presence of
Deleterious . .
Constituents None noted None noted minor clay minor clay
minerals minerals

The Nevada aggregates included the highly crushed and angular volcanic complex
mineralogy; basalt, andesite, and rhyolite, with some weathering as noted. These

aggregates were nearly always combined with the Wadsworth Sand, which is a clean

alluvial siliceous sand including some complex volcanic sequence mineralogy.
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Table 6.4 Petrographic Examination of Utah Aggregates

Properties Utah Aggregate®
P Quartzite Limestone | Granodiorite Basalt
Constituent
Percent (%) 45 22 17 16
Particle Angular, Sub- Sub- Angular, Sub- | Angular, Sub-
Shape Angular, Sub- Angular Angular Angular
Round
Surface . . . . Fine-Med.- . .
Texture Fine grained | Fine grained Coarse grained Fine grained
Grain Size <1-<2mm <1 mm <2-<3mm <1 mm
Light green, Dark grey, Med: Grey,
. - grey, to white minor
Color light pink, to Grey .
. with grey yellow/orange
white .
crystals coating
. Quartz, mica,
Plagioclase and
. ) fine
Quartz, minor sodium roundmass
Mineral pyrite, and Calium feldspar, quartz, &Tf
o : e . with quartz,
Composition trace 1ron carbonate biotite mica, minor
oxide horneblende,
. secondary
trace magnetite .
pyrite
Gengr'al Fresh Fresh Fresh to minor Fresh
Condition weathering
Minor
Coating/ Minor oxide oxides on Minor iron
; . None noted ..
Incrustations staining weathered staining
surface
Delet§r10us None noted | None noted None noted Possﬂ?le.shght
Constituents foliation

a — Petrographic descriptions are the summary of ten individual sample units which resulted in the four
rock classifications noted in the table.

The Utah material is a mixed partially crushed gravel source with a wide range of
mineralogical components. The 1/4” stockpile was made up of very rounded nearly

single sized coarse sand material, while the other stockpiles were fairly similar in

mineralogical measures to the examined materials included in Table 6.4 for each

respective stockpile size.



Table 6.5 Petrographic Examination of WesTrack 1995 Aggregates

Proberties WesTrack 1995 Aggregate
P Andesite to Basalt | Rhyolite Granite
Constituent
Percent (%) 93 3 2
Particle Angular, Sub- Sub-round Ancular
Shape Angular to round &
Fine grained
Surface Fine orained with glassy Granitic
Texture g quartz texture
grains
Grain Size <5 mm <1 mm <5 mm
Color Dark grey to light Light pink White to
pink green
Fine groundmass, ) Quartz,
. . Fine
Mineral magnetite, feldspar,
o . groundmass, o
Composition plagioclase artz chloritized
feldspar, quartz d amphiboles
General Moderately Fresh, Moderately
Condition weathered porous weathered
Coating/ Iron and
& manganese oxide | None noted | Iron oxide
Incrustations ..
staining
Deleterious
Constituents None noted Very porous | None noted
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The WesTrack 1995 aggregates included the crushed and angular volcanic complex
mineralogy, basalt, andesite, and some rhyolite, with some Granitic materials as well.
These aggregates were combined with the Wadsworth Sand, which is a clean alluvial

siliceous sand including some complex volcanic sequence mineralogy.



Table 6.6 Petrographic Examination of WesTrack 1997 Aggregates

Properties WesTrack 1997
Andesite to Basalt
Constituent
Percent (%) 100
Particle Sub-Angular, Sub-
Shape Round
Surface Porphyritic, very
Texture fine groundmass
Grain Size <5 mm
Color Dark grey with
greenish hue
Biotite Mica,
Mineral Quartz, magnetite,
Composition | pyrite, Plagioclase
Feldspar
General Fresh to Mod.
Condition weathered
Iron and
Coating/ manganese oxide
Incrustations coatings on
weather edges
Deleterious
Constituents None noted
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Aggregate mineralogy has been found to substantially affect the interaction with asphalt
binders. Specifically, the silica content and to a lesser extent calcium have been shown to
exhibit higher levels of influence on the adhesion bonding with the polar components of
an asphalt binder. Unfortunately, as can be observed in the tables of mineralogical data,
the majority of the aggregate sources initially selected for this project contain a
substantial proportion of silica, whether added as a sand stockpile or as a component of
the aggregate itself. This is not an unexpected finding, given the fact that the vast

majority of the rock and mineral deposits on the earth contain significant amounts of
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silica. It does however, present an underlying factor that should not be neglected during

the analyses conducted as part of this research.

6.2 AIMS Results

The Aggregate Image Measurement System (AIMS) was utilized to quantify the shape,
angularity, and surface texture of aggregates used in this study. The specific
measurement techniques and calculations were presented in Chapter 3. A summary of
the measurements conducted with the AIMS software on the individual combined

gradations utilized in this study are presented in Table 6.7.
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Table 6.7 Summary of AIMS Measurements

AIMS Aggregate Gradations

CAL CO NV UT WT95 | WT97
Int. | Fine | Int. Int. Fine | Int. | Fine Fine | Coarse
Angularity 2,433 | 2,435 | 2,897 | 3,062 | 3,055 | 2,552 | 2,562 3,204 2,947

Parameters

Texture 309 248 559 366 358 277 272 369 335
Sphericity 0.61 0.63 0.61 0.63 0.62 0.69 0.69 0.67 0.65
Flat &
Elongated 47.5 29.2 56.3 53.0 42.8 441 38.1 51.0 57.8
1:1

F&E 2:1 343 20.6 | 443 35.0 34.1 29.9 | 26.7 31.1 41.5

o & F&E3:1 | 143 | o1 | 121 [ 155 | 148 | 105 | 111 | 122 | 132
g ?j' F&E 4:1 6.2 4.4 1.4 5.9 4.7 3.6 4.7 3.2 4.6
S8 F&ES:1 | 32 | 17 [ 02 | 08 [ 21 [ 24 [ 21 | 05 I
< Flat or
Elongated | 47.5 | 292 | 563 | 530 | 428 | 441 | 381 | 510 | 578
1:1
ForE1:2 | 181 | 117 | 199 | 218 | 195 | 130 | 139 | 166 | 195
ForE1:3 | 51 | 25 | 02 | 49 | 54 | 42 | 27 11 29
ForE1:4 | 18 | 06 | 00 | 02 | 10 | 04 | 09 | 00 0.6
ForE1:5 | 00 | 02 | 00 | 00 | 05 | o1 | 02 | 00 0.0
CAAT | 4294 | 3,680 | 7,033 | 5,195 | 5.111 | 4,049 | 4,000 | 5293 | 4818
Coarseand | o |50 500 0073 | 3078 | 2720 | 2,840 | 3.004 | 3053
Fine Angularity

Angularity | 3,185 | 3,197 | 3,346 | 2,968 | 3,183 | 2,739 | 2,848 | 2,995 3,065

Fine
Aggregate

2D Form 8.59 8.40 8.00 8.04 8.29 7.66 | 7.87 8.26 8.29

Since each of the AIMS measurements are calculated values of representative
measurements on the numerous sieve sizes, performing replicate measurements necessary
for statistical analyses was not conducted. However, some general observations of the
finding are readily possible.

There are some noted differences in the coarse angularity noted between the
different aggregate sources varying from 2,433 for the CAL intermediate gradation to

3,204 with the WesTrack fine gradation. Although numerically quite different, the two
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likely are extremely different given the overall scale of 10,000 for the angularity
measurements. Fairly similar values were noted between the intermediate and fine
gradations within the same aggregate source. This is not necessarily an unexpected result
considering the coarse fraction largely should not change for the majority of the
gradations utilized in this study. The reported variations in Table 6.7 are likely the
results of the differences in the respective gradations used as part of the calculation
process for the coarse angularity parameter. Further deviations are noted between the
two WesTrack aggregates, however it is important to recall that they are actually two
separate aggregate sources. Therefore, noted deviations reflect the change in source as
well as the combined gradation.

Considering the coarse aggregate texture, the majority of the aggregate blends
exhibit fairly similar values. However, relatively greater deviations are noted between
the intermediate and fine gradations with the California aggregate source as compared to
the others in the table. In addition, an increased roughness in the texture is noted for the
Colorado aggregate source.

The coarse aggregate angularity and texture (CAAT) parameter, which is a
calculated value based upon the coarse angularity and the coarse aggregate texture,
presents a parameters that shows some potential to clearly differentiate among the
aggregate gradations as well as aggregate sources. With an overall range of the CAAT
parameter from a low of 3,680 with the California fine gradation to the highest value of
7,033 with the intermediate gradation from Colorado, the CAAT parameter has some
potential to characterize the aggregate properties in the forthcoming analyses in spite of

the overall scale of zero to 15,000. Logically, this parameter provides an overall general
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characterization of the aggregate surface by combining the roughness of the texture
measurement with a parameter characterizing the external surface of the aggregate into a
single measure. Therefore the CAAT parameter will be considered as a characteristic
input for the respective aggregate properties in future analyses.

The sphericity parameter does not show an overly large variation between the
gradations or aggregate sources with this particular data set. This does not necessarily
mean that the parameter does not hold some significance, only that the statistical
influence of this parameter relative to these analyses may be limited due to the relative
similarity between all the sources.

Some degree of differentiation is apparent in the flat and elongated (F & E) and the
flat or elongated (F or E) parameters between the intermediate and fine gradations of the
California aggregate source. However, only limited differences were noted with the other
aggregate sources.

Similar comparisons showed limited relative differences between the coarse and
fine angularity parameter, especially considering the overall range of the measured data
of less than 600 compared to the total scale of the measure. Unfortunately, both the fine
angularity and the 2D form parameters also showed fairly limited relative differentiation
between the aggregate sources and thus were expected to have limited influences on the
statistical comparisons in the following sections.

It should be noted that just because some of the measured parameters do not show a
large difference between the mixtures in this study, by no means makes the measurement
invalid. It simply indicates that the parameter may not be significantly influential to the

oxidation and interaction of the asphalt binder in a given mixture. However, these
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measurements do provide a more robust characterization of the materials utilized in this
study.

It is important to recognize that the parameters are strictly based upon the optical
measurement of physical characteristics of the aggregates. Nevertheless, these
measurements will be examined in later sections that focus on the quantifiable
differentiation of numerous mixture measurements and the resulting changes with
oxidative aging that have been determined by other efforts in this investigation. Clearly,
these measurements have a finite scale which is generally limited to the level of surface
texture measurements. However, they still may prove useful in characterizing the

absorption tendencies of each respective aggregate source.
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7 ASPHALT BINDER TEST RESULTS AND DISCUSSION

By applying the test methodologies of Chapter 3 to the materials discussed in Chapter 4
through the experimental matrix of Chapter 5, the overall objective of this study has been
explored. In short, the objective of the study was to establish the aging characteristics of
the asphalt binders aged without the effect of the aggregate or mixtures. Similar
characteristics were also determined for the binders aged in the asphalt mixtures, then the
two were compared to quantitatively determine what were the most influential
characteristics of the aggregate and mixtures on the oxidation of the asphalt binders aged
in the mixtures.

The following sections address each of separate material inputs, measures, and

analyses of this investigation.

7.1 Pan-Aged Asphalt Binder Test Results

The protocol for the pan-aged asphalt binder, i.e. the standard of practice, has been
previously presented in the applicable sections of Chapter 3 describing the aging
temperatures and durations. Also discussed in that section were the tests conducted on
the aged binders and analysis procedures conducted on the produced data. The first of
the quantifiable measures were conducted by Fourier-transform infrared (FT-IR)

spectroscopy to establish the level of oxidation within the samples as a function of time
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and temperature otherwise known as oxidation kinetics determinations. Second, the
dynamic shear modulus (G*) master curves were developed for the aged binders based
upon frequency sweep measures using the dynamic shear rheometer (DSR). Lastly, these
two measurements were combined to establish the low shear viscosity (LSV) as a
function of oxidation to establish the hardening susceptibility (HS) of the asphalt binders.

These test procedures and analysis methods were discussed previously, therefore
the following sections focus on the presentation of the measured data and the material

characteristics derived from them.

7.1.1 Fourier-Transform Infrared Spectroscopy

As previously established, the measurement of the oxidation level of the asphalt binders
were measured by Fourier-transform infrared FT-IR spectroscopy.  The actual
quantification of the oxidation was determined by measuring the peak area of the
carbonyl functional group, in this case defined as area under the absorbance band bound
between 1,650 and 1,820 cm'l, with the absorbance at 1,820 cm’ as the baseline. This
numeric value termed the carbonyl area (CA) in arbitrary units represents the
quantification of the absorbed oxygen into the molecular structure of the asphalt
molecules as a whole, i.e. the separate fractions of the binder are not differentiated. To
be clear, the oxygen being measured in this manner is effectively the oxygen double-
bonded to carbon atoms (C=0O) creating a net increase in the amount of carbonyl

functional groups.
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As such, the CA measures, as representation of the oxygen absorbed, is expected to
increase with additional aging time or harshness of the aging conditions, i.e. either
temperature, pressure, or both. Since all of the oxidative aging conducted as part of this
study were applied at ambient atmospheric pressure, the variation of the aging conditions
were focused on the aging temperatures and durations. As an example, Figure 7.1
presents a series of FT-IR measures from the Paramount PG 64-28 binder, aged over four
durations at 85°C in the oven. Note that there is a slight increase in the carbon to carbon
double bond (C=C) occurring at 1,600 cm™ as the binder ages from 7.5 through 40 days
of aging. This is not really a concern, since the CA is measured along the side of this
band, and is centered around 1,700 cm™. This very occurrence is the main reason for the
baseline of the peak area being calculated at the absorbance value occurring at 1,820 cm’™
or wavenumbers. This effectively normalized the data to unforeseen changes in the
magnitude of the CA peak. Simply put, if the overall absorbance curve increases, the
baseline does by a similar amount, thus making the CA a more consistent measurement

with changes resulting from the increase in oxygen and not artifacts of the measurements.
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Figure 7.1 Example of FT-IR Spectra with Age, Paramount PG 64-28

Figure 7.1 also provides the opportunity to notice the sulfoxide peaks presented as the
wider peak just to the left of 1,000 cm™, centered around 1,034 cm™. This also represents
the absorption of oxygen, or oxidation of sulfur components within the asphalt binder.
However, as discussed in the methodology of Chapter 3, the protocol followed in this
study does not account for sulfoxide growth and assumes it is a relatively short-lived
oxidation process and thus may be appropriately neglected in long-term aging and
oxidation considerations. Further support of this decision resulted from the relatively low
sulfur content of the majority of the asphalt binders utilized in this study, approximately

3.9% by weight for both the PG 64-22 and PG 64-28 binders, thus making the
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contribution of the sulfoxide growth to both kinetics and rheological measures negligible

from a practical standpoint.

7.1.2 Pan-Aged Asphalt Binder Kinetics

Utilizing the CA determinations as the quantitative measure of the oxidation of the
asphalt binders as a function of the aging time and temperature, according to the binder
testing matrix previously established, permits the determination of the binder kinetics
parameters. The kinetics parameters of the asphalt binders are one of the key inputs into
the asphalt oxidation models described in the methodology discussions of Chapter 3. The
determination of the CA as measured in the FT-IR was established by averaging a
minimum of two, but typically three individual CA measures.

In this instance, a single CA measure is defined as one reported value according to
the testing protocol followed by Texas A&M University. Since the measurements they
provided were conducted on a multi-bounce ATR attachment, a single measurement was
effectively the physical average of multiple measures. These individual measures
typically did not vary by more than 0.05, but on average within 0.03.

Conversely, the measurements conducted at the University of Nevada, Reno were
obtained with a single bounce ATR attachment. Therefore, a single CA measurement
was defined as the average of several actual CA determinations, thereby effectively
creating a similar level of confidence in the produced CA measures. Following this
procedure, typically produced individual CA determinations within 0.02, and the

variability of the CA measures within about 0.03 for the pan-aged asphalt binders.
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Recognizing the fairly sensitive nature of these measurements, some of the resulting
CA measurements appeared to be outliers based upon 12 to 14 other binder
measurements within the same relative kinetics evaluations. In some instances the
arithmetic average of all the measurements were not utilized in the overall kinetics
relationships. Under the least ideal circumstances, the average of two or very rarely, one
repeated CA measurement, i.e. either one multi-bounce determination, or several single-
bounce determinations were used. However, these were only a few conditions
throughout the entire data set of over six-hundred FT-IR measurements. Due to the
extensive handling during aging, processing, storage, and measurements activities ample
opportunity for external influences may occur, so while a specific single cause may not
have been available for each excluded data point, the infrequent occurrence of such
conditions supports sufficient reliability in the measurements. However, summary plots
of the average CA measures utilized during further analysis in this study are presented in
Figure 19.1 through Figure 19.15 found in Appendix G, according to the respective aging
durations noted in Table 5.3.

A summary of the average carbonyl area measurements for the pan-aged binders is
provided in the following Table 7.1 through Table 7.3 for the three respective sets of pan-

aged binders.
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Aging Conditions Asphalt Binders
Duration . . | Base PG64-22 | PG64-22 | PG64-22

Temp. (days) PG64-227| PG64-28 Stock® +3% +10% +20%
SBS* Lime” Lime”

Orig. | CArank 0.496 0.704 0.434 0.778 0.710 0.595
60 0.776 1.072 0.677 1.024 1.057 0.793

50°C 120 0.908 1.134 0.709 1.121 1.134 0.815
200 0.975 1.159 0.832 1.281 1.213 0.894

320 1.154 1.295 0.960 1.245 1.293 0.994

30 0.802 1.133 0.706 1.072 1.069 0.864

60°C 60 0.926 1.173 0.752 1.177 1.121 0.932
100 1.038 1.285 0.867 1.273 1.230 0.981

160 1.210 1.373 1.035 1.361 1.289 1.087

7.5 0.899 1.017 0.840 1.141 1.133 0.905

85°C 15 1.105 1.153 1.058 1.383 1.277 0.941
25 1.352 1.351 1.311 1.538 1.393 1.140

40 1.684 1.705 1.515 1.912 1.528 1.311

1.83 0.817 1.045 0.690 1.068 0.902 0.802

100°C 3.75 1.005 1.155 0.857 1.313 1.074 0.939
6.25 1.177 1.295 1.030 1.363 1.210 1.000

10 1.424 1.466 1.260 1.485 1.374 1.122

a — Carbonyl Area measurements determined by Texas A&M University.
b — Carbonyl Area measurements determined by the University of Nevada, Reno.




Table 7.2 Summary of Average Carbonyl Area Measurements

Aging Conditions Asphalt Binders”
Temp. Duration WT95S WT97 Moana Moana Sparks
(days) PG64-22 | PG64-22 | PG64-22 | PG64-28 | PG64-28
Orig. | CArank 0.810 0.656 0.844 0.631 1.130
60 1.058 1.306 1.039 1.177 1.221
50°C 120 1.113 1.333 1.127 1.247 1.250
180 1.256 1.406 1.219 1.366 1.284
240 1.305 1.517 1.273 1.475 1.325
30 0.974 1.205 1.059 1.196 1.295
60°C 60 1.117 1.304 1.124 1.384 1.298
100 1.254 1.482 1.194 1.481 1.313
160 1.378 1.624 1.281 1.559 1.415
7.5 1.133 1.333 1.113 1.467 1.232
85°C 15 1.247 1.470 1.197 1.574 1.408
25 1.326 1.582 1.343 1.649 1.495
40 1.460 1.745 1.486 1.802 1.623
1.83 0.952 1.250 1.047 1.336 1.303
100°C 3.75 1.125 1.377 1.087 1.447 1.315
6.25 1.229 1.561 1.268 1.560 1.391
10 1.361 1.650 1.459 1.685 1.529

a — Carbonyl Area measurements determined by the University of Nevada, Reno.

231
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Table 7.3 Summary of Average Carbonyl Area Measurements

Aging Conditions ARC Core Binders”
Temp.| DUraton | By o001 | BI0002 | BI0003 | BIO0004
(days)

Orig. | CArank 0.581 0.663 0.760 0.583

4 0.905 0.706 0.844 0.717

8 0.917 0.765 0.894 0.756

15 0.966 0.803 0.965 0.849

s0°C 30 1.006 0.854 0.975 0.880

60 1.097 0.899 1.020 0.935

120 1112 1.016 1.059 1.008

180 1.163 1.193 1112 1.074

240 1296 1271 1.136 1.146

2 0.952 0.763 0.882 0.602

4 0.957 0.844 0.888 0.634

8 0.962 0.873 0.972 0.713

60°C 15 1.024 0.892 0.990 0.746

30 1.125 0.996 1.043 0.807

60 1.157 1.077 1.133 0.972

100 1358 1.185 1.176 1.074

160 1451 1319 1227 1.155

0.5 0.866 0.786 0.816 0.615

1 0.880 0.795 0.871 0.636

2 0.907 0.874 0.892 0.655

850C 4 0.928 0.951 0.987 0.732

8 0.989 1.021 1.086 0.813

15 1.201 1288 1.198 0.906

25 1.446 1.442 1393 1115

40 1.642 1.623 1.469 1.300

0.083 0.824 0.819 0.813 0.622

0.25 0.848 0.890 0.881 0.626

0.5 0.859 0.912 0.838 0.645

1 0.898 0.944 0.902 0.729

100°C 2 0.955 1.031 1.028 0.774

4 1.049 1.145 1.080 0.838

7 1.192 1276 1.249 0.972

12 1484 1.509 1.486 1267

a — Carbonyl Area measurements determined by the University of Nevada, Reno.
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While clear and direct comparisons of all the measures provided in Table 7.1 through
Table 7.3 may not be practical, highlighting a few of the key measures within each group
could provide some useful comparisons.

First, it is fairly clear that all of the evaluated binders did not age at the same rate as
indicated by the wide range of the CA values at the more aged conditions, e.g. the CA
measures of the binders aged at 85°C for 40 days and those aged at 100°C for 10 days.
The direct comparison of the values must take into consideration the original CA
measures of the asphalt binder, here represented as CArank. For simplicity, the oxidation

will be represented as carbonyl growth (CAg), which is defined by Equation 7.1.

CAg = CA; = CArqny Equation 7.1

where, CA; - carbonyl area measured at specific aging condition i;

CArqany - carbonyl area of the binder at the original or unaged condition.
It is generally accepted that asphalt binders themselves, do not necessarily oxidize in the
same fashion or at the same rate, therefore, general considerations of the relative aging of
these binders are separated according to those meaningful comparisons, rather than
grouping all the binders together. Thus, the general considerations of the unmodified
binders and their comparative binder measures are considered in the following Figure 7.2,

with the modified binders and their respective counterparts considered in Figure 7.3.
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To get a simple overview of the relative aging characteristics of the pan-aged binders, the
overall aging protocol was summarized by the least severe aging condition, 50°C for 60
days, and one of the most severe conditions, 85°C for 40 days, relative to the original
binder CA measures (CArank). Initially, it is logical to assume that the most sever aging
conditions would be the highest temperature and the longest duration, however there is a
balance between the temperature and duration. Thus, the longest duration chosen for the
100°C did not provide as severe aging conditions as the longest duration of the 85°C
aging based upon the protocol containing four temperatures aged over four durations. As
a result, the aging durations were modified for the four ARC Core binders, to provide
longer durations at 100°C. However, for this brief analysis, all the aging durations have
been limited to 50°C for 60 days and 85°C for 40 days, so direct comparisons may be
made.

Beginning with the PG 64-22 as the basis for comparison, the initial aging at 50°C
for 60 days resulted in somewhat similar, but variable, aging levels for the binder which
contained added components to the PG 64-22 binder. The addition of lime appeared to
reduce the initial aging level with higher lime concentrations, although the 10% lime
addition exhibited slightly more than the PG 64-22 itself. These variations are quite
small in comparison to the overall magnitude of the CA measures noted in Table 7.1.
Reductions in the overall CA growth levels are noted when comparing the overall
oxidation growth from the tank measurements through the 85°C for 40 days when
comparing the PG 64-22 to the two binders aged with increasing concentrations of lime.
However, this reduction with lime content is not continued when observing the difference

between the 85°C for 40 day and the 50°C for 60 day aging levels. Here the lime seems
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to reduce the carbonyl growth to a similar level for both lime contents, both of which are
well below the unmodified PG 64-22 binder.

Similar comparisons can be made between the PG 64-22 binder and the resulting
binder when 3% SBS was added to it. Quite similar results are noted between the two
binders with the modified version exhibiting slightly lower CA measures at all three
aging conditions.

It has been suggested that the noted reductions in carbonyl growth under conditions
such as these solely result from the contribution of the asphalt binder component of the
overall blend (Woo et al., 2007a,b). Essentially, the lime and the polymer are not
suspected to oxidize, or not expected to create carbonyl functional groups upon aging, so
any resulting growth in carbonyl measures are suspected to be the result of the asphalt
binder alone. This understanding seems to be generally supported with the reported
measures, with the exception of the growth from the tank to the 50°C at 60 day CA
measurements, which do not.

The Base Stock binder was added to Figure 7.2 as a mere overall comparison of the
unmodified binders. Although not specifically the base binder for any of other binders in
Figure 7.2, it does convey similar aging behavior as the PG 64-22, which contains the
same base binders, but in different proportions.

The remainder of the binders included in Figure 7.2, are generally for observations
of the relative magnitude of the different binders. They are not expected to oxidize in the
same manner since they are not at all from the same binder or crude supply. Thus they

are presented to make general observation of the overall variability in different binders
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used in production. However, some information may be interpreted, without having to
make direct comparisons.

For instance, the generally low magnitude of the CA changes for the Moana PG 64-
22 and WesTrack 1995 binders could potentially suggest that binders obtained after the
fact, either extracted and recovered or stored from initial construction sampling, may
appear to age at a slower rate than those measured on fresh or recently sampled materials.
This somewhat supports the general theory of oxygen saturation, specifically stating that
there may be a point where the oxidation process may slow or even stop once the asphalt
binder has reached the point of saturation or all the available bonding sites for oxygen
molecules are full or otherwise bound. While this may be a possibility, the WesTrack
1997 data seem to suggest quite the opposite exhibiting the highest initial aging from the
CArank measurement to the 50°C for 60 day measurement, followed by rather average
carbonyl growth measurements after that. Further, the WesTrack 1997 binder seems to
exhibit similar conditions to that of the Venezuelan based BI 0001 binder, while the
WesTrack 1995 measurements seem to more closely match those of the Holly Frontier
blend of BI 0003.

Overall, these comparisons seem to suggest a lack or pointed shifting in the aging
characteristics of the evaluated asphalt binders based upon the respective method by
which they were sampled. Specifically, the extraction and recovery procedure used on
the Moana 64-22 binder and the extended time period between the sampling and testing
of the two WesTrack binders did not systematically influence this simplified analysis.
This suggests that the oxidative aging of these asphalt binders are best described as being

binder or source specific.
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Now considering the measurements summarized in Figure 7.3 presenting the
comparisons relative to the modified asphalt binders, there initially appears to be a
similar trend noted between the Base Stock and the PG 64-28 produced from it as that
observed with the unmodified and lime treated binders discussed previously. In general
the modified PG 64-28 binder exhibits a reduced rate of carbonyl growth over the
specific aging conditions when compared to its Base Stock, again with the exception of
the initial aging from the CAr,x measurement and the 50°C for 60 days determination.

However, comparisons of the other modified binders present varied responses. The
PG 64-22 + 3% SBS generally presents higher CA measures than the PG 64-28 at all
conditions except for the initial CArux measurement to the 50°C for 60 days
determination. The Moana PG 64-28 binder is fairly similar to the PG 64-28 when
comparing the growth from the 50°C for 60 day to 85°C for 40 days aging levels,
however the other measures are higher for the Moana PG 64-28 binder. In contrast, the
Sparks PG 64-28 binder exhibits the lowest overall CA measures even though it is from
the same supplier as the Moana and the PG 64-28 binders. The PG 70-22 BI 0004 binder
supplied by Shelly Materials is quite different from all the other binders considered
exhibiting fairly high CA growth initially, but relatively low CA growth from the 50°C
for 60 days to 85°C for 40 days aging levels.

This simple comparison illustrated that each binder should be expected to exhibit its
own specific oxidation rate and even materials composed of the same base materials may
not necessarily age in the same manner. Thus it becomes highly important to consider

the aging of a particular system individually, and gross generalizations should be made
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with caution. Unfortunately, this makes studies of oxidation and asphalt binder aging all
the more complex, time consuming, and costly.

Nonetheless, additional considerations are warranted to establish the oxidation
properties of the asphalt binders themselves, in order to comparatively investigate the
influence of the aggregate and mixture characteristics on the overall aging of the mixture.
To better characterize the binder aging and specifically its rate of aging, a common
approach is to examine the rate of oxidation, represented here by the growth of the
carbonyl area. This rate (r-4) is generally described by the Arrhenius relationship
defined by Equation 3.70. In this particular study, which focused primarily on the long-
term or constant rate kinetics measurements, also considers the determination of the 7.4
term analogous to the k. term noted in Equation 3.71. For reference, Equation 3.70 has

been provided below as Equation 7.2.

_Ea
rea = AP% “/rr Equation 7.2

where, 1.4 — rate of carbonyl area, CA, growth;
A- pre-exponential factor;
P - absolute oxygen pressure during oxidation, atm;
a reaction order with respect to oxidation pressure;
E, -  activation energy, J/mol;
R - ideal gas constant, 8.3144621 J/mol«°K ;
T - temperature, °K.

To determine these parameters, reference is made to each of the isothermal aging
relationships presented in Appendix G with each respective temperature creating a rate of
oxidation determined from the four aging durations. When these rates are plotted as a

function of the reciprocal of the product of the gas constant multiplied by the
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temperature, the measures may be characterized by the relationship provided by Equation

7.2 and presented in Figure 7.4 through Figure 7.8 for the respective asphalt binder

comparisons. Due to the close proximity of the data in these figures, they have been

reduced to only show specific comparisons rather than creating complex figures with too

much information to be deciphered. For clarity, the activation energy term (E,) and the

pre-exponential factors with and without the oxygen pressure term (P%) from the fitted

relationships are provided in Table 7.4.
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Table 7.4 Summary of Fitted Relationships for Asphalt Binder

Kinetics®
As-phalt Pre- . Activation Pre-- b
Binder exponential, Energy, E exponential”,
ID AP’ > A
PG64-22 1.106E+10 79.94 1.802E+10
PG64-22
+10% Lime 1.771E+09 75.82 2.885E+09
PG64-22
190% Lime 4.996E+08 72.52 8.140E+08
PG64-22
+39% SBS 1.663E+10 82.06 2.709E+10
PG64-28 5.233E+10 85.46 8.526E+10
Base Stock 2.181E+10 82.30 3.553E+10
WT95-22 3.104E+08 70.49 5.057E+08
WT97-22 4.776E+07 65.21 7.781E+07
Moana 22 1.344E+09 75.10 2.190E+09
Moana 28 1.900E+07 62.64 3.096E+07
Sparks 28 1.203E+10 82.89 1.960E+10
BI1
PG67-22 5.024E+09 78.29 8.185E+09
BI2 6.153E+07 65.38 1.002E+08
PG64-16 ' ' '
BI3 4.935E+10 86.17 8.040E+10
PG58-28 ' ' '
Bl4 1.394E+09 74.83 2.271E+09
PG70-22 ' ' '

_Ea
a —Reference is made to Equation 7.2, 1.4, = AP%e /rr
b — Noting that in these studies, 0=0.27 and P = 0.164 atm in Reno, A can be found
specifically.

General observations from Figure 7.4 provide support for the previous simplified analysis
which indicated that the addition of either the lime or the SBS polymer reduced the rate
of oxidation noted as the -4 or k-term for this particular asphalt binder as noted by the
lower k. term at a given temperature. In general, this reduction is also suggested by the
pre-exponential terms for the given relationships, however there is also a noted influence

of the slope as noted with the PG 64-22 + 3% SBS binder. The temperature dependency
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of the CA growth rate is largely represented by the activation energy (E,) noted in the
exponent of Equation 7.2. From the relationships provided in the figure, it was also
observed that the addition of lime also reduced the E, term, but not with the 3% SBS
binder measurements.

The noted reduction in the oxidation due to the addition of lime into the binder
during aging has been previously observed by others (Wisneski et al., 1996; Petersen et
al., 1987a, b) and many more as noted (Lesueur and Little, 1999). It has been suggested
that the overall influence of the lime addition can be associated with the strong
interaction of certain chemical functional groups with the surface of the hydrated lime
(Petersen et al., 1987a, b). At times the adhesion is with hydrated lime is even stronger
than interactions with silica fines (Lesueur and Little, 1999). This suggests a much more
in-depth analysis with the adhesion measurements of the modified SARA analysis in later
sections.

Despite the visual and calculated differences in the kinetics relationships noted in
Figure 7.4, all four of the binders were found to exhibit statistically similar relationships
between k. and temperature. In other words, all four plots were statistically the same, as
determined by the transformed multi-linear regression analysis conducted with Minitab at
the 0.05 significance level.

Further, observations from Figure 7.5 initially yield quite similar relative
comparisons as the PG 64-22 binder and the corresponding modified versions of that
binder. Specific to Figure 7.5, the Base Stock binder exhibits a higher k. values at each
respective temperature interval, however the slope or E, term is lower for the Base Stock

than the modified PG 64-28. The PG 64-22 + 3% SBS has been added to the figure as a



245

general comparison to the PG 64-28 binder even though they were produced from
different base binders, i.e. the PG 64-22 and the Base Stock, respectively. Further, the
transformed multi-linear regression analysis conducted with Minitab at the 0.05
significance level also confirmed no statistically significant difference between the
kinetics parameters of all three binders.

Figure 7.6 depicts the binder kinetics measurements for both the WesTrack binders.
Although they are from different dates and different suppliers, there appears to be only
slight difference between the kinetics parameters between the two. The transformed
multi-linear regression analysis conducted with Minitab at the 0.05 significance level also
confirmed no statistically significant difference between the two.

Figure 7.7 presents the kinetics relationships for the binders extracted and recovered
from the field produced mixtures used in the Moana Lane Extension and Sparks
Boulevard reconstruction projects. Although by coincidence, these three binders were
provided by the same supplier and were combined with the same aggregate source, the
measured kinetics parameters appear to be somewhat different from each other. These
differences do not appear to be the result of polymer modification since the binder that
presents the largest deviation is the Moana PG 64-28, which is dissimilar from the Sparks
PG 64-28. However, the transformed multi-linear regression analysis conducted with
Minitab again confirmed no statistically significant difference between the three binders
at the 0.05 significance level.

Figure 7.8 presents the kinetics measurements for the four ARC Core binders. Even
though they are not from the same supplier or crude source and are thus not necessarily

expected to exhibit the same kinetics relationship, they do appear to be somewhat similar
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as with the other comparisons. The transformed multi-linear regression analysis again
did not find the measures statistically significantly different at the 0.05 significance level,
but the BI 0002 binder was found to be significantly different at the 0.10 significance
level for both the slope, i.e. activation energy, and the intercept, i.e. defined by the pre-
exponential term (AP%).

The lack of statistically significant differences noted in these measures is likely due
in part to the variability of the measurements coupled with the relatively small magnitude
of the measures being considered. This should not be too disconcerting given the fact
that these measures are only a part of the overall characterization of the asphalt binder
oxidation process as a whole. Additional consideration may be given to assess whether
or not all of the binders considered as a whole may be determined statistically similar or
not. This is accomplished by considering all of the data points discussed thus far as the
base or overall regression relationship, then each of the different binders may
individually be compared statistically to this overall average regression equation. The
outcome of this analysis determined that the kinetics relationships for each of the
respective binders were statistically similar at the 0.05 significance level. However, the
Moana PG 64-28 did show significant differences in both kinetics terms at the 0.10
significance level.

As a result of the noted similarities, it may prove useful to further explore the
overall relationship between the kinetics parameters of the investigated asphalt binders.
Therefore, Figure 7.9 was prepared to compare both pre-exponential factor and the

calculated activation energies between all the investigated pan-aged binders.
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Figure 7.9 Constant Rate Binder Kinetics Parameters for Pan-Aged Binders

With the kinetics information presented in this form, the overall change in the magnitude
of the determined value is evident as the pre-exponential factor ranges from 10’ up into
the 10" as the order of magnitude. Although of much reduced order of magnitude, the
activation energy exhibits a similar level of variability ranging from about 62 to 85 as
depicted in Figure 7.9 and Table 7.4. Further observation of the figure seems to suggest
that there may be a correlation between the two factors, e.g. when the pre-exponential
factor decreases so does the activation energy within its own respective scale. Therefore,
a plot of the pre-exponential factor as a function of the activation energy is considered in

Figure 7.10.
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Figure 7.10 Constant Rate Binder Kinetics Relationship for Pan-

Aged Binders
As Figure 7.10 clearly indicates there is a distinct relationship between the pre-
exponential factor, both including and without the effect of the oxygen pressure (P%) and
the calculated activation energy as has been observed by others (Glover and Cui, 2013).
In fact, their reported data which spanned over a 17 year time period, 1996 through 2013,
reported nearly the same relationship with a pre-exponential factor of 0.0266 and the
exponent of 0.3347. These values are practically the same as those determined in this
study, i.e. pre-exponent factor of 0.0204 and the exponent of 0.3392.

While this finding may be of academic interest, it has not proven overly useful from

a practical standpoint. It may have some potential benefit with respect to oxidation rate
calculations specific to aging prediction modeling. However, in the current evaluation

methodology, the two factor as determined simultaneously. The measurements need to
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find one factor and directly produces the other. It may be possible to determine the
activation energy term from some other evaluation tool, maybe some correlation with
Arrhenius shift factors may provide additional information, but at this point in the overall
research effort, such relationships have not been developed or thoroughly analyzed.

For sure, the kinetics parameters of the asphalt binders are a useful component in
the consideration of the oxidative aging of asphalt binder. However, additional physical
characterization measures of the asphalt binders are also necessary and are thus discussed

in the following sections.

7.1.3 Pan-Aged Asphalt Binder Rheological Measurements

To accompany the chemical characterization provided by the FT-IR measures, physical
measurements of the aged asphalt binders were also conducted to determine the
rheological behavior and changes of that behavior with oxidative aging. The rheological
measures are typified by the dynamic shear modulus (G*) and the phase angle measured
on the respective binders with the dynamic shear rheometer (DSR). From these two
components in the complex domain, many other rheological parameters can be
determined and assessed.

Table 7.5 presents a summary of the test conditions applied to each respective
asphalt binder during the DSR measurements, with more specific details of the DSR test
parameters referenced in Table 3.2. After the frequency sweep testing at each of the
specified test conditions, the rheological data was transferred to the Rhea software

package to calculate the G* master curves as described in previous sections.
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Table 7.5 Dynamic Shear Rheometer Test Conditions

Asphalt DSR Test Parameters
Binder 60, 70, 80, o o 46, 40, 34, 28,
ID 85, 95, 100°C 60, 64, 70°C 52, 60, 64°C 22, 16°C
PG64-22 X X
PG64-22 X
+10% Lime
PG64-22
+20% Lime
PG64-22
+ 3% SBS
PG64-28 X
Base Stock® X
WT95-22
WT97-22
Moana 22
Moana 28
Sparks 28
BI1
PG67-22
BI2
PG64-16
BI3
PG58-28
BI4

X
PG70-22
a — The Base Stock binder was tested at the high temperatures of 52, 60, and 70°C.

X

ikl

el

T T B e R Eee ol el e Heel el el e B

The first rheological parameter to be considered were the G* master curves constructed
from the isothermal frequency sweep measurements conducted on the pan-aged binders
at each of their respective aging conditions, specifically aging temperature and duration.
As previously described in the methodology section, the shifting of the frequency sweep
data was conducted using the Rhea software package. This software utilizes the robust
shifting techniques to obtain more reliable shifting and thus more appropriate master
curves at each respective condition. However, the tradeoff for the technical merit is

realized in the presentation of the data. While Rhea presents master curve information on
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one or maybe two binders in a very precise format, it becomes quite difficult to present
more functions on the same plot. Since the vast majority of the considerations in this
study include a minimum of three up to eight different master curve relationships for a
given aging set, alternative presentation styles are necessary.

Therefore, example plots of the G* master curves produced for the full range of
pan-aged conditions for one binder, PG 64-22, are presented in Figure 7.11 through
Figure 7.14 for the respective aging temperatures. This binder along with the remaining
measurements on pan-aged binders will be summarized into plots that exhibit the original
or the unaged condition of a given binder as well as the longest duration of the aging
temperatures. Examples of the summary plots for the PG 64-22 binder are provided in
Figure 7.15.

In addition to the G* master curve plots, black space plots, G* as a function of the
phase angle, were also prepared for each of the respective summary plots for each
respective pan-aged asphalt binder. Examples of the summary black space plots for the
PG 64-22 binder are provided in Figure 7.16.

The summary of the G* master curves and the black space plots are provided in
Figure 20.1 through Figure 20.24 found in Appendix H for all fifteen pan-aged binders
considered in this study. It is relevant to point out that these figures present the fitted
model forms as determined with the Rhea software. Some deviation from the actual
discrete spectra used to define the master curves in Rhea should be expected, particularly

with the polymer modified binders.
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These figures were prepared by exporting the shifted master curve function parameters
into an Excel spreadsheet where the plots were produced based upon the function
parameters produced with the Rhea software package. The master curve function utilized
by Rhea has the form of the Christensen-Anderson-Sharrock, CAS model, which is also
provided in Equation 7.3 along with Equation 7.4 presenting the associated phase angle,
for reference. Table 21.1 through Table 21.12 found in Appendix I provide a summary of

the master function parameters respective to each aged condition of the asphalt binders.

—K
« ) B /B
G (w) = Gy [1 +(“°/w) ] Equation 7.3
S(w) = 90/ Equation 7.4
[1 + ((1)/ wo)ﬁ] 1
where, G"—  complex shear modulus, Pa;
w - oscillation frequency, rad/s;
Gy -  Glassy shear modulus, Pa;
Wy crossover frequency, rad/s;
K asymptote gradient, -log:log;
B - width parameter;

B =1In (GO/ZK)/IH(G*((UO))

General observations of the master curve figures found in Appendix H present results
which are quite expected. As the severity of the aging increased, so did the measured
shear modulus of the asphalt binders at a given reduced frequency. Within any given
figure, it is clear that the softest, i.e. lowest modulus measurements occur in the unaged

or original binder. It should not be overlooked that the actual modulus level is a function
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of both the temperature and the duration of aging. Clearly this is evidenced by the 85°C
master curves, typically yielding higher measured modulus values at 40 days duration, as
compared to the 100°C aging for 10 days. Certainly, the large disparity in the aging
durations at the respective temperatures has led to the coincidental similarity of these two
conditions.

It is curious to note that for nearly all the pan-aged binders, the 50 and 60°C aging
levels tend to be similar to each other and the 85 and 100°C seem to be comparable.
Again, the aging duration at each respective temperature plays a significant role in these
relative comparisons. However, the relative similarities between these measurements
may prove useful in later considerations resulting from these measurements.

The shear modulus master curves for a given asphalt binder also appear to converge
to nearly the same glassy modulus value at the higher reduced frequencies over the
various stages of oxidation presented in the figures. While this occurrence is not rare, it
often is the result of the glassy modulus being an assumed value, such as the CA and
CAM models. Indeed, these measurements seem to support such practice, however the
actual value of the glassy modulus is different for each of the binders and does actually
vary within each asphalt binder as presented in the tables found in Appendix 1. Further,
these master curves were not produced with an assumed glassy shear modulus, but with
the CAS model allowing the glassy modulus to be a variable parameter adjustable to
improve the fit with the measured data.

General observations of the black space plots also provide some overall trends that
are worth noting. Care must be given in the interpretation of the black space, since they

are not as common as the traditional modulus compared to reduced frequency plots. For
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instance, the more aged a given binder becomes, the lower on the modulus scale it
appears in the black space diagram. This by no means indicates the binder became softer,
it merely indicates a shift to the left with respect to phase angle. Therefore, a more
meaningful interpretation is that for a given shear modulus, the aged binders exhibit a
lower phase angle, thus representing a reduction in the viscous response, or otherwise
known as an increase in the brittleness of the asphalt binder. The later interpretation of
course more follows the expected material behavior, again noting that the presented
relationships are based upon the fitted CAS model from the Rhea software program.

In general, the unmodified asphalt binders tended to exhibit the horizontal shift just
discussed, with typically minor adjustments to the shape and curvature. The polymer
modified binders on the other hand, seem to exhibit larger modifications to the overall
shape of the black space plots and even converge upon each other toward the higher
phase angles in some instances. This deviation for the unmodified binders has been
suggested to be the combined effect of the oxidative stiffening of the asphalt binder phase
and the congruent breakdown of the polymer modifier when aged through the standard
RTFO (163°C) and PAV (90-110°C) aging conditions (Airey and Brown, 1998). These
findings have been further supported by High-Pressure Gel Permeation Chromatography,
HP-GPC (Airey and Brown, 1998) as well as Size Exclusion Chromatography, SEC,
analyses (Ruan et al., 2003a). However, further studies based upon force ductility
measurements have suggested that the degradation of the modified binder may be more
appropriately linked to the base binder embrittlement as opposed to breakdown of the

SBS polymer based on aging studies ranging from 60 to 135°C (Woo et al., 2007a,b).
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More specific observations of the three master curve plots representing the fitting
shear modulus master curves for the PG 64-22 and the two binders aged with lime,
suggest some influence of the hydrated lime on the oxidation of the asphalt binders. To
be clear, the original PG 64-22 binder was mixed with the hydrated lime, then aged in the
respective ovens, and tested as a mastic, i.e. without removal of the lime.

Consideration of these binders are summarized in Figure 7.17 below. Rather than
considering all the black space plots together, only the least aged, i.e. original, and the
most aged, i.e. 85°C aged for 40 days are presented for clarity. Initial observations not
the quite similar black space diagrams for all three binders in the original condition. The
slight differences in the original plots can likely be attributed to small increases in
stiffness with the addition of lime without detrimentally affecting the phase angle or

viscous response as has been noted by others (Huang et al., 2002).
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When the black space diagrams of the binder aged at 85°C for 40 days was considered,
the lime modified binders were again very similar, but the unmodified PG 64-22 binder
exhibited a significant reduction in the viscous response presented as the phase angle
here. Thus, the unmodified binder can presumably be considered more brittle than those
aged and tested with lime.

However, when the relative aging condition of the binders were compared it
became clearer that the oxidation level may also be playing a role in the response. If the
carbonyl area measured for each of the binders is also considered a more thorough
understanding of the material behavior comes to light. The data in Table 7.1 indicates
that the overall CA measurement for each of these aging conditions are quite different as
summarized in Table 7.6. If the original carbonyl measurements respective to each
binder are subtracted from the binder aged at 85°C for 40 days, it becomes evident that
the lime modified binders have not aged nearly as much as the unmodified PG64-22.
This clearly supports previous findings that the addition of lime reduces the overall
oxidation of asphalt binders (Huang et al., 2002). Further, if a similar level of aging as
determined by the CAg metric were sought for the PG 64-22 binder, the 85°C at 15 days
aging condition comes close, as does the 60°C aging for 160 days. Additional
considerations are possible when these black space diagrams are also included as

presented in Figure 7.18.
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Table 7.6 Select Average Carbonyl Area Measurements for PG 64-22
and 10% and 20% Lime

Aging Conditions
Orig. 85°C 60°C
CArank 40 | 40 days 15 | 15 days 160 | 160 days
| days | (CAg) | days| (CAg) | days (CAg)
PG 64-22 0496 | 1.684 | 1.188 | 1.105| 0.609 |1.210 0.714

Asphalt
Binder

PG 64-22
: 0.710 | 1.528 | 0.818
+10% Lime
PG 64-22
. 0.595 1.311 0.716
+20% Lime
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Figure 7.18 Summary of PG 64-22 and 10% and 20% Lime Black Space Diagrams

This comparison indicated much closer agreement between the black space diagrams of
all three asphalt binders when the level of aging is taken into consideration, in this case
irrespective of the aging temperature. This highlights the importance of making

comparisons between physical properties of asphalt materials at relatively comparable
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aging states, otherwise any noted differences may potentially be due to the aging as
opposed to the treatment under consideration. Similarly, any agreement between such
comparisons should be viewed as the combined effect of both the treatment under
consideration and the aging level. These results also support previous studies showing
the reduction in oxidation with the inclusion of hydrated lime (Huang et al., 2002) and by
extension the potential for a similar effect with aggregates in mixtures.

A similar comparison can also be made between the PG 64-22 binder and the PG
64-22 + 3% SBS as well as the PG 64-28 and the Base Stock binder. These comparisons
will also be made at a relative oxidation state defined by an arbitrary target value for the
CAg metric of 0.70, for consistency between the binders. Figure 7.19 depicts these

comparisons in terms of the black space diagrams.
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In spite of being a fairly busy plot, Figure 7.19 does serve a particular purpose in
presenting the base binders and their modified counterparts in both their original and
aged condition. Initial observations indicate the PG 64-22, PG 64-22 + 3% SBS, and the
Base Stock exhibiting quite similar black space diagrams in their original conditions,
despite their respective CArank levels. However, the PG 64-28 exhibited significantly
different properties represented by a large shift to the left at the original aging level. This
behavior seems to suggest that the mere existence of the SBS polymer does not
necessarily provide significant improvement to the performance of the binder, as
evidenced by the lack of improvement in the rheological properties of the PG 64-22 + 3%
SBS compared to the base PG 64-22. However, this particular binder was not formulated
or specifically designed by the asphalt binder supplier. It was produced by special
request for this study to simply add the 3% SBS to the PG 64-22 binder without specific
modification or preparation of the base. Specifically, no special efforts were expended
on the blending operations such as cross-linking the polymer etc... This finding
highlights the benefit of having properly formulated asphalt binder particularly when
polymer modification is involved. Simply adding the polymer without proper assessment
and digestion of the polymer do not always yield the expected benefits that are known to
accompany polymer modification.

Quite the opposite result was noted with the PG 64-28 compared to the respective
Base Stock binder. In this case, the polymer modification process has dramatically
improved the rheological performance of the asphalt binder resulting in much lower
phase angle measures as a result of the much increased efficiency of the elastic

component provided by the SBS.
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It should be clearly differentiated that the reduction in phase angle with the polymer
modification is expected to be the result of the added elastic component due to the
polymer. This is in contrast to the unmodified binders which also show a reduction in the
phase angle with aging, however these changes are suspected to be the result of a loss in
the viscous component, i.e. a more brittle behavior. As a result, the general assumption
of lower phase angle indicating more brittle behavior does not necessarily apply to
modified asphalt binders. In summary, a lower phase angle as a function of aging
typically indicates an increase in the brittleness or loss of ductility of the asphalt binder
which is an undesirable occurrence. But a reduction in phase angle due to polymer
modification adds to the elasticity of the system without the corresponding loss in
ductility, i.e. the binder has not been damaged by the addition of the polymer, which is a
positive influence on the asphalt binder as a whole.

For the aged conditions defined as an arbitrary CA value of 0.70 above the CArank
measures, the two unmodified binders, i.e. PG 64-22 and the Base Stock exhibit a similar
reduction in the phase angle as the other unmodified binders and those with lime. For the
PG 64-22 + 3% SBS binder the initial black space diagram nearly matched the PG 64-22.
However, the aged condition of the PG 64-22 + 3% SBS binder exhibits a similar
behavior to that of the PG 64-28. Based upon the black space diagrams of the PG 64-22
+ 3% SBS and the PG 64-28, it is not clear whether the reduction of the phase angle is
due to the embrittlement of the asphalt binder phase, the added effectiveness of the SBS
polymer over time, i.e. the efficiency of the polymer improved with time of digestion, or

a combination of both.
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While comparisons between the other pan-aged binders may be possible, it is
generally accepted that these properties are binder specific. As such, the other
comparisons are not truly valid comparisons and are therefore left to later analyses such

as the hardening susceptibility comparisons.

7.1.4 Low Shear Viscosity Determination

A great deal of very descriptive information is provided by the dynamic shear modulus
master curves produced at different aging durations as discussed in the previous section.
While these measures provide great information regarding the actual behavior of the
asphalt binders as a function of oxidation, there is too much information provided to
efficiently incorporate this level of detail into oxidation rate studies and prediction
modeling. Therefore, the rheological measures on the asphalt binders need to be
logically reduced to a more useable form.

In this study, the reduction was made by shifting all the dynamic shear modulus
master curves on the binder to 60°C and considering the complex viscosity (") master
curve to determine the low shear viscosity (LSV) as discussed previously in Chapter 3.
In an effort to consider all the binders evaluated within this study at both unaged and
highly oxidized states, the LSV determination was evaluated at the shifted 60°C and at a
frequency of 0.001 rad/s. This condition generally fit well with the majority of the
asphalt binders evaluated with some of the unaged binders requiring minor extrapolation

of the complex viscosity relationship and some of the more aged materials have data
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points capable of extending to much lower frequencies. However, consistency was
maintained throughout the evaluation at 0.001 rad/s.

The extrapolation of the LSV determination on the lesser oxidized measurements
were by necessity limited to minor extrapolations. Specifically, Rhea limits the range of
data extrapolation based upon the shifted data used to construct the master curves and
does not permit the calculation of information outside the reliable limits based upon the
shifted rheological inputs.

The actual determination of LSV can be viewed either as a function of aging time
and temperature or as a function of the measured oxidation level, i.e. carbonyl area.
Since the comparison with time show markedly different results with respect to
temperature, these comparisons are of limited usefulness. However, when LSV is
compared to the oxidation level, very practical information is obtained. This comparison
is termed the hardening susceptibility which will be used in the oxidation parameter

determinations and so the data will be presented and discussed in that particular section.

7.1.5 Pan-Aged Asphalt Binder Hardening Susceptibility

The hardening susceptibility (HS) as next step in the progression of data analysis is
highly significant since it does not only combine the major aspects of the binder kinetics
and the LSV determinations, but it is also utilized as one of the main comparative tools
between the pan-aged asphalt binders and those aged in the mixtures. As discussed in the
methodology section of Chapter 3, HS is defined as the slope of the LSV determination

as a function of aging, here represented as the carbonyl area. In the constant rate region
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of the total kinetics relationships, the HS parameter is determined by fitting the LSV and
CA measurements to the relationship depicted in Equation 3.72 which has also been

provided in Equation 7.5 for reference.

Inny =HS*CA+m

Equation 7.5
where, 17 - low shear viscosity of the asphalt binder, Poise;
HS - hardening susceptibility, with 15 in Poise;
CA -  carbonyl area, arbitrary units - unit less;
m - intercept of log ny and CA relationship, with n; in Poise.

Utilizing the form of Equation 7.5, the HS of the pan-aged asphalt binders may be
established according to the traditional methodology (Martin et al., 1990; Lau et al.,
1992). However, over the course of this study it became necessary to standardize the
carbonyl measurements based upon the CA measurement of the original binder. This

modifies the CA term in Equation 7.5 to CAg determination as depicted in Equation 7.6.

Inng = HS x (CAg) + Mrank Equation 7.6

where, 1 - low shear viscosity of the asphalt binder, Poise;
HS - hardening susceptibility, with 1 in Poise;
CAg = CA — CArgny - carbonyl area standardized by original binder, CArgni;
Mrank -intercept of log ny and CAg relationship, with n; in Poise.

Note that the HS parameter in the relationship will remain unchanged and only the

abscissa, i.e. x-axis, and correspondingly the intercept of that plot on the ordinate, i.e. y-

axis, will be altered. To differentiate between the two systems, the subscript Tank will be
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included for considerations based upon CAg, while those based upon CA directly will
retain the CA and m designations.

While this initially may seem like an unnecessary complication, it becomes quite
important when considering the model inputs discussed in Section 3.6.3, discussing the
oxidation modeling inputs. Specifically, Equation 3.73 provides the oxygen diffusivity

(Do, ) through the binder based upon the measured viscosity of that asphalt binder. If the

HS relationship were calculated in the standard format only utilizing the CAg data, the
viscosity may potentially be an order of magnitude higher than reality, thus making the
calculated diffusivity extremely low thereby falsely limiting the amount of oxygen
present in the aging system. However, the CAg standardization is also necessary in order
to make relevant comparisons between the different FT-IR measurement devices utilized
over the course of this study.

This modification can be simplified overall by combining Equation 7.5 with
Equation 7.6 as depicted in Error! Reference source not found.. In this form, both
form of the HS relationship can be presented congruently. When the CAg modification is
included, all the terms are necessary, with the true m parameter necessary as an input to
the diffusivity relationship in oxidation modeling. When the CAr,,, term was not
utilized, it simply collapsed the equation back to the original form of Equation 7.5. The
actual fitted values of the exponential form from the Excel regression function noted in
the figures yields the format presented in Error! Reference source not found. which are

also presented in the HS plots to follow.
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Inng = HS * (CAg) + (m + HS(CAranr)) Equation 7.7

* _ ,HS*(CAg) ,(m+HS(CA )
Mo =¢ ¢ rent Equation 7.8

where, 17 - low shear viscosity of the asphalt binder, Poise;

HS - hardening susceptibility, with 1 in Poise;

CAg = CA — CArqni - carbonyl area standardized by the original binder,

CATank;

Mrank -intercept of logn, and CAg relationship, with 1, in Poise.
As a result, the calculated HS parameters based upon the standardized CAg will be
discussed in the text, while the HS parameters necessary for prediction modeling
according to Section 3.6.3 based upon CA directly will be included in Appendix J. Figure
7.20 though Figure 7.24 present the HS plots for the pan-aged asphalt binders based upon

the summary data presented in Table 7.7.
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Table 7.7 Hardening Susceptibility Relationships for Pan-Aged Asphalt Binders

Asphalt Hardening a a
Binder Susceptibility®, Intercept’, Intercept’,
1D HS Mrank m
PG64-22 5.5687 8.0722 5.3102
PG64-22
+10% Lime 5.5832 8.2762 4.3150
PG64-22
120% Lime 7.0189 8.7424 4.5685
PG64-22
+ 3% SBS 5.8791 10.2769 5.7030
PG64-28 3.8640 10.3359 7.6175
Base Stock 6.1837 7.0823 4.4016
WT95-22 9.0927 7.7727 0.4107
WT97-22 8.0775 4.9988 -0.3000
Moana 22 5.9078 9.5351 4.5489
Moana 28 4.8156 7.6739 4.6376
Sparks 28 4.8605 10.8436 5.4995
BI1 0001
PG67-22 7.8226 6.6990 2.1541
BI1 0002
PG64-16 7.2203 7.7825 2.9954
BI 0003
PG58-08 10.707 6.5774 -1.5564
BI 0004
PG70-22 6.9837 9.8975 5.8260

a— Reported values are based upon 1) reported in Poise.

Figure 7.20 presents the hardening susceptibility relationships for the PG 64-22 binder
along with its associated modified versions, i.e. with 10% lime, 20% lime, and 3% SBS
polymer. Basing the comparison on the influence of the lime and the SBS polymer to the
influence on the PG 64-22 itself, the general trends indicate that the addition of either
component increases the viscosity of the binder. In the case of the 10% lime, the increase
is quite marginal and present statistically the same relationship from the transformed

linear regression analysis. This finding is not all that unexpected, especially when noting
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the increased variability of the relationship with the 10% lime added. The PG 64-22
+20% lime presents a more drastic increase not only in the intercept (m) of the
relationship, but also in the slope (HS). From the transformed linear regression analyses,
the PG 64-22 + 20% lime was found to fit an intercept that was statistically significantly
different, but the slope was found marginally the same, p-value of 0.142. The PG 64-22
+ 3% SBS relationship exhibited notably higher viscosity values as can be expected with
the addition of SBS polymer. The intercept of the PG 64-22 + 3% SBS was statistically
greater than that of the PG 64-22 based upon the transformed linear regression analyses,
while the slope was determined to be statistically similar. Consideration of the HS
relationships of the same binders only considering the actual CA measures rather than
those modified by CAruk as depicted in Figure 22.1, all the relationships become
substantially closer together with the 3% SBS and the 20% lime relationships presenting
the highest viscosities for a given CA measurement level.

Figure 7.21 presents the SBS modified PG 64-28, its associated Base Stock binder
and as a general comparison, the PG 64-22 + 3% SBS. Considering the Base Stock binder
and the PG 64-28, a reduction in the HS is noted due to the addition of the SBS polymer.
However, consideration of both the general influence of the polymer when added to the
PG 64-22 binder compared to that of the Base Stock suggests that the addition of SBS
polymer into the asphalt binder may not necessarily decrease the HS of a given binder.
Given the relative similarities of the PG 64-22 and the Base Stock binder, this result
suggests the formulation processing, e.g. cross-linking operations, polymer digestion
time, etc. can have a significant influence on the overall behavior of the modified asphalt

binder. Based upon the transformed linear regression analysis, the Base Stock binder was
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found to be statistically significantly different from the PG 64-28 asphalt binder, both
intercept (M) and slope (HS). However, the PG 64-22 + 3% SBS binder was found to fit
a similar intercept (m) but have a significantly different slope (HS) when compared to the
PG 64-28 relationship. Additional consideration of Figure 22.2 based upon the actual CA
measurements show general similarities in the relationships. However, the discrepancy
in the HS measurements between the Base Stock and the PG 64-28 were still evident.

Relative comparisons between the two WesTrack binders found in Figure 7.22 and
Figure 22.3 are not truly valid given that the two binders are not from the same supplier,
base stock, or crude source. However, general observations indicate the HS of the two
are fairly similar, despite the relatively high variability of both binders. Statistical
significance between the two were likewise not relevant and thus not considered as part
of this analysis.

Similar to the WesTrack binders, relative comparisons of the HS parameters are not
completely valid. Even though they were all produced from the same supplier, they were
not necessarily produced from the same asphalt binder components and were sample a
couple of years apart. The combination of those factors made direct comparisons of the
HS measurements from the Moana Lane and Sparks Blvd. binders statistically invalid.
However, simple observations seem to follow the general trends noted with the other
asphalt binders. In general, the HS of the SBS modified binders, i.e. Moana 64-28 and
Sparks 64-28, were typically lower than that of the unmodified Moana 64-22 binder. The
time separation between the sampling of the two modified binders made the difference in
the magnitude of the CA measurements of little consequence. Interestingly enough,

considerations of Figure 22.4 indicate the two modified binders appear closer than with
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the CAg methodology. Again, their relative differences are of little consequence at this
point in the evaluation.

Observation of the ARC Core binders found in Figure 7.24 are again not
statistically valid. But it is worth noting the general increase in the variability of the HS
relationship with the polymer modified BI 0004 asphalt binder when compared to the

other ARC Core binders.

7.1.6 Pan-Aged Temperature Dependency of Hardening Susceptibility

Over the course of measuring and determining the HS parameters for the pan-aged
asphalt binders, systematic variations in the HS measurements (slopes) were observed
with certain asphalt binders. Even though the established methodology (Lunsford, 1990;
Martin et al., 1990, Lau et al., 1992, Al-Azri et al.,, 2006) and some measurements
contained within this study support considerations of slope of the HS relationship
independently from the aging temperature, some of the asphalt binders showed a
systematic increase in the HS slope as a function of aging temperature. This typically
occurred with the binders that exhibited relatively lower R* values as presented in Figure
7.25, which present the HS relationships of the PG 64-28 binder corresponding to each
individual aging temperature along with the standard HS relationship developed

independently from the aging temperature for reference.
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As can be observed from the figure, the HS relationship generally increases with a fairly
large range of HS varying from slightly greater than 1 for the 50°C aging to a maximum
of over 4.5 for the 100°C aging results. It is further noted that the HS of the PG 64-28
independently exhibits an HS slope of roughly 3.9, which happens to be close to the HS
of the binder aged at 85°C. However, the overall R* value of the HS relationships was
substantially lower than the HS of each aging temperature, except for the binders aged at
50°C.

This finding contradicts the HS of the PG 64-224+20% Lime binder, which generally

follows a single HS independent of temperature as presented in Figure 7.32
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From a visual perspective it is clear that the PG 64-28 binder exhibited substantially more

variation in the HS term as a function of temperature as compared to the example PG 64-

22 + 20% Lime. This observation is likewise supported by the differences in the

calculated coefficient of determination for each binder, R> = 0.8111 and 0.9348 for the

PG 64-28 and PG 64-22 + 20% Lime binders, respectively. As a result of these noted

variations, it became a point of interest to make note of the potential consistency of the

temperature dependency of the HS term with the remainder of the tested pan-aged asphalt

binders. Therefore, Figure 7.27 through Figure 7.30 were prepared to clearly identify the

temperature dependency of the initial eleven tested asphalt binders, excluding the ARC

Core binders at this time.
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When observing Figure 7.27 through Figure 7.30, a flat or horizontal relationship is
interpreted to indicate that the HS of that particular binder is independent of the aging
temperature. If the slope is not horizontal, then the HS parameter is understood to be
influenced by the aging temperature with the steepness of the relationship representing
the overall influence of the aging temperature. The steeper the relationships in Figure
7.27 through Figure 7.30, the more susceptible the particular binder is to the aging
temperature.

With that understanding, Figure 7.27 presents the temperature dependency of the
HS relationships for the PG 64-22 and associated binders. In general, the majority of
these particular binders exhibit relatively low sensitivity to the oxidation temperature.
The PG 64-22 binder itself shows the greatest temperature dependency, however the R
value of the overall HS relationship neglecting the different temperatures was determined
to be above 0.93, thus generally supporting the independent nature of the HS term on
aging temperature as is the standard of practice currently.

Consideration of Figure 7.28 presents the HS temperature dependency of the PG
64-28 and related Base Stock along with the PG 64-22 + 3% SBS binder as a relative
comparison. As seen previously the PG 64-22 + 3% SBS is relatively unaffected by the
aging temperature. However both the PG 64-28 and its Base Stock binder exhibited a
fairly substantial temperature dependency with the HS term. This variability was noted
in the R? value of 0.81 for the PG 64-28 binder, however the Base Stock binder exhibited
a much improved value of over 0.96.

Similar observations of Figure 7.29 representing the two different PG 64-22 binders

from WesTrack, indicate that these binders are substantially affected by the aging
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temperature. There is also a higher level of variability noted in these binders as observed
with the WT95 asphalt binder. On a relative scale, both WesTrack binders are also noted
to have some of the highest HS levels included in this study. The R” values of the HS
parameters calculated from both WesTrack binders also suggest an increased variability
of the HS determination with these particular binders with calculated R* values of nearly
0.73 and 0.82 for the WT95 and WT97 binders, respectively.

Figure 7.30 presents the temperature dependency of the extracted and recovered
binders from the field mixed samples from Moana Lane and Sparks Blvd. projects. It is
curious to note the relative similarities between the Moana22 and Sparks28 binders
compared to the generally high level of temperature dependency of the Moana28 asphalt
binder. The R? values of the Moana Lane binders are quite similar to one another despite
the increased dependency on temperature noted with the Moana28 binder. The flatter
slope of the temperature dependency of the Sparks28 HS relationship does seem to be
supported by the improved R* value of nearly 0.92 for that binder. This suggests that the
temperature dependency of the HS term may not be the only variable influencing the HS
parameters determinations, but it does seem to answer for a large portion of it.

Overall, based upon Figure 7.27 through Figure 7.30, it appears that the temperature
dependency of the HS term is not necessarily based upon whether the asphalt binder had
been modified with a polymer or not. This justification has been suggested as an overall
systematic error in the revised LSV determination, i.e. using the entire master curve to
obtain a rheologically more appropriate LSV value. However, any potential issues with

the LSV determination were largely limited to the modified binders. The unmodified
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binders typically exhibited very clear and distinct plateau behaviors in the complex
viscosity plots at the frequency and temperature of interest.

Due on large part to the establishment of the state of practice dictating that the HS
parameter is represented as being independent of temperature, the majority of this study
will continue to represent them as such. A good deal of effort has been put forth to verify
the rheological measures and thus the determination of the LSV values are valid while
some inherent flaw in the testing methodology has caused the temperature dependency of
these measure. However, since all of the oxidation modeling and the majority of the
analyses that result from those efforts are based upon a single HS value for a given
asphalt binder, that will be the approach followed in this manuscript while still remaining

conscious of the variations noted in this section.

7.2 Mixture-Aged Asphalt Binder Oxidation Results

Since the overall objective of this study was to investigate the influence of the aggregate
and mixture characteristics on the oxidation parameters of asphalt binders aged in
compacted mixtures, the same binder testing protocol as was used with the pan-aged
asphalt binders was conducted on the binders extracted and recovered from mixtures aged
to varied conditions. Due to the significant increase in logistical demands that are
associated with mixture aging (e.g. preparation time, physical size of the samples,
stability of the mixture specimens at elevated temperature, etc.), the mixtures were not

aged over the full temperature and duration range of the pan-aged asphalt binders.
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Rather, the majority of the specimens were aged at 60°C over four durations, with a
select few mixture also aged at 85°C to further investigate the potential temperature
dependency of the HS term observed with the pan-aged binder evaluations.

Relevant to this portion of the investigation, the mixture identification nomenclature
for these mixtures is for example, NV19128 5.22 60C 4% 3mo would indicate Nevada
aggregates with a 19 mm (3/4 inch) NMAS Intermediate gradation mixed with PG 64-28
binder at 5.22% binder content by total weight of mix (TWM) was aged in the 60°C
forced draft oven, after being compacted to the 4% total air void level after cutting, for
the prescribed time period (0, 3, 6, or 9 months).

Specifically, the main factors being explored in this portion of the evaluation are:

e Aggregate Factors
» Qualitative Gradation
» Aggregate Absorption
» Aggregate Mineralogy
e Asphalt Binder Factors

=  Unmodified Binder
= Modified Binder

e Mixture Characteristic Factors
» Asphalt Binder Content
» Mixture Density or Air Voids
However, each of the factors will be discussed in the order which makes the analysis
logistically simpler to comprehend. For instance, the air void levels will be analyzed

first, so that any relevance noted may be clearly addressed in the later discussions.
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7.2.1 Statistical Analysis Methods of Mixture-Aged Binder Oxidation

The response functions utilized in these analyses can be considered to follow the form of
the previously referenced Equation 3.78 which has also been restated as Equation 7.9. In
these analyses, X, can either be a qualitative or dummy variable used to distinguish
between the two data sets or a quantitative variable which would adjust the intercept by

the value of 8, and the slope of the regression by the product of 5 X,.

E{Y} = Bo + B1X1 + B2 X7 + B3X1 X,

Equation 7.9

where, E{Y}— predicted dependent variable in the analysis;

Bo - intercept of the base equation (condition A);

B - slope of the base equation (condition A);

B - modification to the intercept of the base equation due to condition B;

Bs - modification to the slope of the base of the equation due to condition B;

X - independent predictor variable (quantitative in this example);

X, - qualitative predictor variable (dummy variable);

X, = 0, for condition A,

X, = 1, for condition B.
This method of utilizing quantitative input variables based upon physical measurements
is much preferred over the initial analyses utilizing qualitative categorical variables that
only determine significant differences or similarities between the modeled relationships.
In this manner, the input variables may be tested for true significance with information
suggesting whether or not the particular variable of interest may be expected to have a
true influence on the aging of the binder. The categorical variables, while useful for
differentiation purposes are not always applicable to materials other than those strictly

examined in the analysis from which they were derived.
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In this set of analyses, it was common for more than one input variable to exhibit
co-linearity issues, therefore the stepwise regression function available through the
Minitab software package was utilized. Specifics of the forward and backward stepwise
regression function have been previously discussed in Section 3.7.

In these analyses a correlation matrix was first constructed of the input variables to
determine which ones exhibit significant co-linearity within a given data set. Then
logically different sets of independent variables were selected for the optional input into
the stepwise regression analyses. Following the several sets of analyses utilizing the
stepwise regression, the final model was selected based upon the overall R* value for the
model utilizing the most relevant input parameters. Although each of the input
parameters may not be appropriate for every statistical analysis conducted, Table 7.8
presents the full list of potential input variables used in the statistical analysis of the aged

mixtures.
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Table 7.8 Potential Statistical Input Variables for Asphalt Mixtures

Asphalt Binder
grgogr:f::z Content Mixture Characteristics Aspll:lz;let;;&cgﬁg;}gate
P (% TWM)
Weight of
Total . o material
:t;ggregt?ti Abs binder Pb Alr Yg\lfs’ & Va from 2nd | 2-3wt
SOTPHO content and 3rd
peaks
Coarse Effective .
. . Height of
Aggregate | oy \p | Asphalt ) o Voids Filled 1 Gp, 1 oy | o
Angularity Binder with Asphalt, % cak
and Texture Content p
Coarse and C&F Height of
Fine Ang Dust Proportion DP 3rd UV 3ht
Angularity & peak
Qual. Apparent Film
Gradation Grd Thickness, pm AFT

a — Measurements conducted as part of the modified SARA analysis.

Not all of the parameters listed in Table 7.8 were applicable to each statistical

consideration. Many of the factors typically exhibited some degree of co-linearity (e.g.

Abs and Pb typically) and were therefore not included in the same regression equation

simultaneously. However, the stepwise regression analysis technique made exploration

of the most appropriate inputs variables a much more practical method compared to

searching for the best regression equations by hand.

7.2.2 Air Void Level of Compacted Mixtures

The factor to be considered was the effect of the compacted air void level in the mixtures

during the oven aging. These mixtures were compacted at the asphalt binder content
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which produced a calculated apparent film thickness (AFT) of 9 um. Specifically these
mixtures were compacted to three different ranges in the air void level measured on the
cut E* specimens, i.e. 4, 7, and 11% voids in total mix.

After their respective aging durations at the appropriate temperatures, the mixtures
were tested for E* measurements, then the binders were extracted and recovered in the
process already discussed. Those measurements resulted in the CA measures presented
in Figure 7.31 and Figure 7.32 for the mixtures prepared with PG 64-22 and PG 64-28
asphalt binders, respectively. Recall that the PG 64-22 binder utilized in the WesTrack

mixtures were not the same as with the California mixtures, even though they have the

same PG grade.
1.2 I I I I I 1| I I 1|
B CALIOI22 7.44 4% 60C B CALIOI22 7.44 7% 60C
O CALI9I22 7.44 11% 60C B WT97C22 5.1 4% 60C
B WT97C22 5.1 7% 60C B WT97C22 5.1 11% 60C
1.0 4~ eeeeLinear (CAL19I22 7.44 4% 60C) Linear (CAL19122 7.44 7% 60C) [
@= o Linear (CAL19122 7.44 11% 60C) e eeeeLinear (WT97C22 5.1 4% 60C)
Linear (WT97C22 5.1 7% 60C) e o Linear (WT97C22 5.1 11% 60C)
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<
©)
< 0.6
2
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z
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P
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0.2
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Aging, Months

Figure 7.31 Carbonyl Growth Relationships for Mixtures Containing
PG 64-22 Asphalt Binders
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Figure 7.32 Carbonyl Growth Relationships for Mixtures Containing
PG 64-28 Asphalt Binders Aged at 60°C
Observations of Figure 7.32 and Figure 7.33 present a rather systematic variation in the
CA measurements as a function of the air void level of the mixtures during the oven
aging. In these figures, the CA measurements derived from the mixtures aged with 4%
air voids exhibit not only the lowest relative values of CA, but also present the lowest
rate of CA growth depicted as the slope of the CA measurements as a function of the
aging duration. The systematic variation is also realized with the mixtures prepared with
7% air voids as they present generally higher CA measures over the 4% air void
mixtures. Typically the slope of the 7% air void mixtures is higher than those of the 4%
air void mixtures, with the Utah mixture being the exception. Similar general increased
are further noted with the mixtures containing 11% air voids over the aging duration,

with the Nevada aggregates being the exception.
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Statistical considerations conducted through linear regression on these mixtures in
particular, generally resulted in no statistically significant difference between the air void
levels within each aggregate source with a few exceptions. Statistically significant
differences were noted between the slope of the 4 and 11% air void mixtures for all of the
mixtures except NV19128 5.22. The difference between the 7 and 11% of the Utah
mixtures were not quite statistically significant at the 0.05 significance level.
Additionally, the intercepts of the WT97C22 5.1 mixtures with 4 and 7% air voids were
statistically different from the 11% air void mixture. A summary of the statistical

regression parameters are presented in Table 7.9 though Table 7.12.

Table 7.9 Statistical Significance of Air Void Level on Carbonyl Area
with Aging Time at 60°C for CAL19122_7.44

Statistical Significance
Intercept CALI19122 Slope CAL19122
Mix Air Voids | 7% | 11% Mix Air Voids | 7% | 11%
4% NS NS 4% NS | SH*
CAL19122 7% NS | CAL19122 7% NS
11% 11%
Regression P-values
Intercept CALI19122 Slope CALI19122
Mix Air Voids | 7% | 11% Mix Air Voids | 7% | 11%
4% 0.584 | 0.213 4% 0.174 | 0.028
CALI19122 7% 0.126 | CAL19122 7% 0.581
11% 11%

a— SH indicates the CAL19122 7.44 11% mixture regression slope was significantly higher than
the CAL19122 7.44 4% at the 0.05 significance level.
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Table 7.10 Statistical Significance of Air Void Level on Carbonyl Area
with Aging Time at 60°C for NV19128_5.22

Statistical Significance

Intercept NVI19I128 Slope NV19128
Mix Air Voids | 7% | 11% Mix Air Voids | 7% | 11%
4% NS | NS 4% NS | NS
NV19128 7% NS | NVI19128 7% NS
11% 11%

Regression P-values

Intercept NVI19128 Slope NV19128
Mix Air Voids | 7% | 11% Mix Air Voids | 7% | 11%
4% 0.909 | 0.563 4% 0.127 | 0.168
NVI19128 7% 0.633 | NV19128 7% 0.950
11% 11%

Table 7.11 Statistical Significance of Air Void Level on Carbonyl Area
with Aging Time at 60°C for WT97C22_5.1

Statistical Significance
Intercept WT97C22 Slope WT97C22
Mix Air Voids | 7% | 11% Mix Air Voids | 7% | 11%
4% NS NS 4% NS | SH*
WT97C22 7% SH® | WT97C22 7% NS
11% 11%
Regression P-values
Intercept WT97C22 Slope WT97C22
Mix AirVoids | 7% | 11% Mix AirVoids | 7% | 11%
4% 0.863 | 0.009 4% 0.457 | 0.034
WT97C22 7% 0.005 | WT97C22 7% 0.134
11% 11%

a— SH indicates the WT97C22 5.1 _11% mixture regression slope was significantly higher than the

WT97C22 5.1 4% at the 0.05 significance level.
b — SH indicates the WT97C22 5.1 11% mixture regression intercept was significantly higher than

the WT97C22 5.1 7% at the 0.05 significance level.
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Table 7.12 Statistical Significance of Air Void Level on Carbonyl Area
with Aging Time at 60°C for UT12.5128 3.79

Statistical Significance
Intercept UT12.5128 Slope UT12.5128
Mix Air Voids | 7% | 11% Mix Air Voids | 7% | 11%
4% NS NS 4% NS | SH*
UT12.5128 7% NS | UT12.5128 7% NS
11% 11%
Regression P-values
Intercept UT12.5128 Slope UT12.5128
Mix AirVoids | 7% | 11% Mix AirVoids | 7% | 11%
4% 0.797 | 0.787 4% 0.825 | 0.044
UT12.5128 7% 0.624 | UT12.5128 7% 0.073
11% 11%

a — SH indicates the UT12.5128 3.79 11% mixture regression slope was significantly higher than
the UT12.5128 3.79 4% at the 0.05 significance level.

It should be noted that some of the statistical significance determinations may have been
limited based upon the limited range of the measurements included in the analysis.
Clearly, if the apparent trends continued as expected from these data, additional aging
durations would be expected to eventually detect more significant differences among the
different air void levels. From a physical standpoint, the observed differences in these
measure though orderly and systematic, are simply too close to each other at these aging
conditions to detect statistically significant differences.

Utilizing the form for the regression equations presented in Equation 7.9 and
including the air voids as an additional independent variable, Table 7.13 and Table 7.14
present the regression relationships derived for the CA measurements on the binders

extracted and recovered from their respective mixtures as a function of aging time.
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Table 7.13 Statistical Significance of Air Void Level on Carbonyl Area
with Aging Time at 60°C for Mixtures with PG 64-22 Binders

CAL19I122 7.44 WT97C22 5.1
Regression Coefficient | P-value | Significance | Coefficient | P-value | Significance
Parameter
Intercept, By 0.2204 0.000 Sig. 0.1254 0.045 Sig.
Age (Slope, B1) 0.0349 0.000 Sig. 0.0215 0.075 NS
Air Voids, Va 0.0077 0.162 NS 0.0194 0.013 Sig.
Va*Age 0.0023 0.026 Sig. 0.0024 0.103 NS
R’ (%) 95.6 91.3
Adj. R? (%) 94.8 89.4

Table 7.14 Statistical Significance of Air Void Level on Carbonyl Area
with Aging Time at 60° C for Mixtures with PG 64-28 Binder

NVI9128 5.22 UT12.5128 3.79
I;z%;f;;g? Coefficient | P-value | Significance | Coefficient | P-value | Significance

Intercept, Py 0.2980 0.000 Sig. 0.4470 0.000 Sig.
Age (Slope, B1) 0.0444 0.000 Sig. 0.0361 0.001 Sig.
Air Voids, Va 0.0025 0.561 NS -0.0013 0.854 NS
Va*Age 0.0012 0.164 NS 0.0029 0.040 Sig.

R’ 98.1 95.5

Adj. R? 97.6 94.4

For the mixtures considered with the three levels of air voids during aging, three of the
four mixtures showed a significant difference either in the slope or intercept with the
change in air void level. Only the NV19128 5.22 mixture was not significantly affected
by the range of air voids. Therefore, in general the level of air voids are expected to have
an influence on the rate of CA growth or oxidation of a given mixture. This also suggests
that the oxidation of the binders aged in mixtures may potentially be different from those

of the pan-aged binders, otherwise the air void level would not have shown any



293

significant influence (i.e. the mixture properties would not have an influence on the aging

rate of the asphalt binder).

7.2.3 Asphalt Binder Content

The next factor to be considered was the influence of the asphalt binder content of the
mixtures during the aging process. By maintaining a constant gradation and air void
level, changes in the asphalt binder content also by definition varied the AFT measured
for the respective mixtures.

Recall that the overall experimental matrices found in Table 5.1 and Table 5.2
describe two levels for the binder content factor. The first level examined contained the
same 4.5% TWM binder content for each mixture, excluding the California aggregate
source. The other level included mixtures that were produced with a binder content that
would yield a calculated AFT of 9 um, which necessitated variable total asphalt binder
contents. Figure 7.33 though Figure 7.39 present the oxidation growth measures for the
mixtures used to evaluate changes in the asphalt binder content and also those considered
in the AFT evaluation as well. Beginning with the mixtures containing the 4.5% TWM

binder contents presented in Figure 7.33 through Figure 7.35.
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Figure 7.33 Carbonyl Growth Relationships for the Nevada Mixtures
with Different Binder Contents Aged at 60°C
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Figure 7.35 Carbonyl Growth Relationships for Mixtures Aged with
4.5% Asphalt Binder Content Aged at 60°C

General observations of Figure 7.33 suggest that changes in the asphalt binder content of
up to 0.7% TWM may not influence the rate of CA growth for the mixtures containing
the PG 64-28 binder and the Nevada aggregates with the intermediate gradation.
However, an increase of almost 0.9% possibly can reduce the CA level, but not the

growth rate with the PG 64-22 binder and the Nevada intermediate aggregate source.
Specific to these analyses related to Figure 7.33 and Figure 7.34 are the aggregate
properties. Given that each of the figures represents measurements made from binders
extracted and recovered from aged mixtures from a single aggregate source, any
aggregate factors will necessarily be same within each of these two figures. Specifically,
any terms including the aggregate absorption, gradation measures, or AIMS parameters
will only yield a single value for each figure respectively, thus must be omitted from the

analyses. By a similar circumstance, considerations of Figure 7.35 yield a single value
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for the total asphalt binder content of 4.5% TWM, and thus were eliminated from this
particular analysis.

The stepwise regression analysis for the Nevada aggregates presented in Figure
7.33 which resulted in the highest R* value after accounting for co-linearity concerns was
initiated with nine parameters (Age, Pbe, VFA, 2ht, BI, and the interaction terms of the
four variables with Age). The final regression equation from this input is presented in
Table 7.15. It should be noted that quite similar regression equations were also
developed utilizing Pb and AFT terms in place of the Pbe input. Although they resulted
in very similar R* values these particular inputs were selected to aid in consistency with
additional analyses of other mixture-aged binders to be discussed shortly.

Table 7.15 Stepwise Regression on Carbonyl Area with Aging Time at
60°C for Nevada Mixtures

NV19I Binder Content Analysis
%Ziiiig? Coefficient | P-value | Significance

Intercept, By 0.4769 0.001 Sig.
Age (Slope, B1) 0.0543 0.000 Sig.
Pbe -0.1434 0.000 Sig.
VFA 0.0105 0.011 Sig.

R* (%) 94.30

Adj. R* (%) 93.75
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The lack of significance of any interaction terms (e.g. Pbe*Age) indicates that the slope
of all four evaluated mixtures were statistically the same. Further, the lack of
significance of the categorical BI term indicates that both the slope and the intercepts
were not strictly influenced by the SBS modification of the binder when mixed with the
Nevada aggregates. However, other aspects such as the Pbe and VFA were found
significant indicating that the quantity of binder not absorbed into the aggregates is
influential to the level of binder oxidation when mixed with the Nevada aggregates.
Similar considerations of Figure 7.34 also suggest minimal influence of an almost
0.9% TWM decrease in the asphalt binder content produced a fairly minimal effect on the
CA level with the PG 64-22 asphalt binder and the Colorado aggregates with the
intermediate gradation. However, the same aggregates with the PG 64-28 did produce
potentially lower CA measures due to a 0.85% TWM increase in the binder content with
the PG 64-28 asphalt binder and the Colorado intermediate gradation. The final equation
from the stepwise regression analysis conducted on the Colorado aggregates is illustrated
in Table 7.16 with almost the same input variables as were used in the Nevada mixtures
(Age, Pbe, VFA, BI, and the interaction terms of the three variables with Age) excluding
the modified SARA parameter (2ht). Note that the 2ht parameter from the Colorado
mixtures was not available for inclusion in this analysis and thus had no input into the

regression analysis.
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Table 7.16 Stepwise Regression on Carbonyl Area with Aging Time
at 60°C for Colorado Mixtures

CO19I Binder Content Analysis
%Z%:r?:it(;? Coefficient | P-value | Significance

Intercept, Bo 1.1456 0.000 Sig.
Age (Slope, B1) 0.0617 0.000 Sig.
BI -0.0764 0.000 Sig.
VFA -0.0143 0.000 Sig.

R* (%) 95.08

Adj. R* (%) 94.65

The regression analysis with the Colorado aggregates overall provided a slightly better R
value indicating the input parameters explain a little more of the variation noted in the
CA growth in the respective mixtures. The final equation is fairly similar except the Pbe
term has been replaced with the categorical BI term in the final model. This is not a
surprising finding since the previous analysis of the pan-aged binders demonstrated fairly
significant differences between the unmodified PG 64-22 and the SBS modified PG 64-
28 asphalt binders. This does not necessarily indicate that the effective binder content
does not play a role in the oxidation characteristics of the mixtures, but merely that with
this limited data set, the categorical variable showed a stronger statistical influence, both
of which make sense logically. Further analyses in this section which include more
variations in the binder content and the BI term may help to clarify the overall influence
of these parameters. Similar to the Nevada analysis, the VFA term still proved to be
statistically significant, thus supporting the previous finding that the amount of asphalt

binder not absorbed into the aggregate has an effect on the aging of the mixture.
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Considerations of the mixtures containing 4.5% TWM asphalt binder in Figure
7.35, suggest that with the Nevada aggregates, the polymer modification did not highly
influence the CA growth within the mixture. There were slight differences noted with the
Colorado aggregate source between the two binders, however the slopes are fairly
consistent within each respective aggregate source. When comparing within the two
asphalt binder grades, the aggregate source did tend to exhibit slight variations in the
level of CA measured over time, although the differences are relatively minor.

The stepwise regression analysis based upon the mixtures aged with 4.5% TWM
binder content enable the inclusion of some of the aggregate properties that were singular
inputs to the previous two considerations. As a result of maintaining the gradation of
each aggregate source largely the same, most of the AIMS parameters ended up being
highly correlated to each other as well as other mixture characteristic measures, such as
the absorption. Without multiple gradation levels utilizing the same aggregate source,
much of the statistical power of such measures has been masked by too few data points
into the analysis. Thus, only a few of the AIMS parameters have been included in the
statistical comparisons out of logistical necessity.

Through the course of the stepwise regression analyses conducted utilizing the
AIMS parameters, it became evident that the CAAT parameter was highly significant to
certain regression considerations. However, the actual degree of that influence was often
masked by the magnitude of the CAAT parameter (usually measured in 1,000s)
compared to the CA measures with a relative magnitude in the tenths (0.1) or hundredths
(0.01) as a relative magnitude. Thus, a reduced CAAT parameter was determined by

dividing the actual measured CAAT parameter by 1,000, thus producing the CAAT2
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parameter with a magnitude close to the ones place (1.0). The CAAT2 parameter was
utilized with the majority of the stepwise analyses conducted.

The stepwise evaluation of the Nevada and Colorado mixtures aged with 4.5%
TWM binder content resulted in the final regression model based upon nine input
predictor variables (Age, Pbe, VFA, BI, CAAT2, and the interaction terms of the four

variables with Age) as presented in Table 7.17.

Table 7.17 Stepwise Regression on Carbonyl Area with Aging Time at
60°C for Mixtures with 4.5% TWM Asphalt Binder

4.5% TWM Binder Content Analysis
%Z%;fs:ig? Coefficient | P-value | Significance
Intercept, By -0.5675 0.030 Sig.
Age (Slope, 1) N/A N/A NS
Pbe 0.7478 0.000 Sig.
CAAT2 -0.2823 0.000 Sig.
BI -0.0565 0.014 Sig.
Age*Pbe 0.0171 0.000 Sig.
Age*BI -0.0069 0.096 NS*
R? (%) 96.7
Adj. R* (%) 96.1

a — Statistically not significant for alpha = 0.05, but exclusion
dramatically influenced the other coefficients.

Initially, concern arose from the Age term not being statistically significant in the 4.5%
TWM Pb analyses, but further observation noted the Age term being highly significant in
the interaction term with Pbe and moderately significant in the BI interaction term. The

combined effect of those two terms have adequately addressed the overall influence of
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the aging duration (Age term), which is part of the reason why the Age*BI term was
retained even though it was found not to be significant at the 0.05 significance level.
Other input parameters that were found to be highly significant were the Pbe and BI
terms as noted in the Nevada and Colorado analyses collectively. The influence of the
aggregate was also determined to influence the oxidation as represented by the

significance of the CAAT2 term.

7.2.4 Qualitative Gradation

The influence of the quantitative gradations (i.e. intermediate and fine) on the aging of
the asphalt binders in mixtures were considered in Figure 7.36 and Figure 7.37 for PG
64-22 and the SBS modified PG 64-28 asphalt binders, respectively. Recall that the
WesTrack binders are not the same as the Paramount Petroleum PG 64-22 binder utilized
with the other mixtures. Therefore, interpretations of Figure 7.36 must keep that in

perspective.
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General observations of Figure 7.36 and Figure 7.37 suggest that the fine gradations tend
to increase the rate of CA growth for a given aggregate source with the California and
Utah aggregates, but not with the Nevada mixtures. Again note that the WesTrack
mixtures were composed of different asphalt binders and different aggregates, so thus are
not compared directly. The noted increase in the growth of the CA measures is
potentially significant to the practical application of this study. Specifically, the
considerations previously investigated with the varied binder content compared to the
4.5% TWM mixtures presented in Figure 7.33 and Figure 7.34 suggest that an increase in
the asphalt binder content of 0.85% or greater may reduce or not affect the CA growth for
a given mixture at the 7% air void level. The measures based on the intermediate and
fine gradations propose an increase in the CA growth with the fine gradations, despite an
increase in the asphalt binder content of 0.78 to 1.7 between the two gradations. This
becomes more significant when the optimum binder contents of the intermediate and fine
gradations are considered.

As an extreme example, the CAL19122 mixture has an optimum binder content of
6.65% TWM, while the CAL19F22 mixture has an optimum of 7.04% TWM, with a
difference of 0.39% TWM. Therefore, expected binder contents for field produced
mixtures based on these designs are assumed to target levels that are much closer to one
another as opposed to the 1.7% difference utilized in this study. Despite the drastic
increase in the binder content of the California fine mixture, it still exhibited a higher
level of CA growth compared to the intermediate gradation. It can be expected that the

difference would be even more pronounced had the fine gradation been mixed at an even
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lower binder content as was indicated by the optimum design. The noted differences
exist despite the counteracting effect of the higher binder content.

These results also suggest that the calculated AFT of the mixtures does not directly
control the oxidation rate of the asphalt binder contained within a given mixture. This is
not to state that the calculation method for the AFT is correct or not. The fact is that a
substantial increase in the binder content did not overcome the increase in fine material,
and presumably the increased surface area of the fine gradations in two of the three cases
considered here.

The stepwise evaluation of the California, Nevada, and Utah mixtures aged with a
binder content that corresponded to the 9 um AFT for each respective mixture developed
the final regression model based upon thirteen input predictor variables (Age, Abs, Pbe,
VFA, DP, BI, CAAT2, and the interaction terms of the six variables with Age) as

presented in Table 7.18.

Table 7.18 Stepwise Regression on Carbonyl Area with Aging Time at
60°C for Mixtures over Qualitative Gradation

Qualitative Gradation Analysis
I;Z%;ij;g? Coefficient | P-value | Significance
Intercept, Bo 0.9327 0.000 Sig.

Age (Slope, B1) 0.0320 0.002 Sig.

Abs -0.0933 0.000 Sig.

DP 0.6883 0.003 Sig.

VFA -0.0048 0.008 Sig.

CAAT2 -0.1593 0.000 Sig.

Age*Pbe 0.0057 0.005 Sig.
R? (%) 96.1
Adj. R* (%) 95.4
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While running the multiple stepwise regression function on the mixture-aged results with
a specific interest in the qualitative gradation, it became apparent that there was no need
for a categorical or qualitative dummy variable to distinguish the different levels in the
gradation so far as the CA growth measures were concerned. Specifically, the changes in
the aggregate properties (i.e. Abs and indirect changes to Pbe, VFA, etc.) were
statistically significant enough to detect the modification to the gradation without the
addition of the empirical categorical variable.

Therefore, the final regression model was based upon the aggregate characteristics
(Abs and CAAT?2), the asphalt binder content (Pbe), and the interaction between the two

components (VFA and DP) in the compacted aggregate structure.

7.2.5 Constant Film Thickness

Additional mixtures were produced and aged with an asphalt binder content that
corresponded to the 9 um AFT for each respective mixture as presented in Figure 7.38
and Figure 7.39. These mixtures were designed to investigate the influence of the
aggregate effects while maintaining the binder content and air void levels constant within

the mixtures.
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The stepwise evaluation of the California, Colorado, Nevada, and Utah mixtures aged
with a binder content that corresponded to the 9 um AFT for each respective mixture
developed the final regression model based upon eleven input predictor variables (Age,
Pbe, VFA, DP, BI, CAAT2, and the interaction terms of the five variables with Age) as

presented in Table 7.19.

Table 7.19 Stepwise Regression on Carbonyl Area with Aging Time at
60°C for Mixtures with 9um Apparent Film Thickness

9um Apparent Film Thickness Analysis
%Z%:S;g? Coefficient | P-value | Significance
Intercept, Bo 0.7937 0.000 Sig.
Age (Slope, B1) 0.0395 0.002 Sig.
BI -0.0544 0.000 Sig.
DP -0.3809 0.000 Sig.
VFA -0.0039 0.042 Sig.
CAAT2 0.0308 0.000 Sig.
Age*Pbe 0.0043 0.016 Sig.
R* (%) 93.4
Adj. R* (%) 92.9

It is interesting to note that nearly all the same input parameters that were incorporated
into the final regression model based upon the qualitative gradations also were included
into this analysis to observe the influence of the overall aggregate effect with a constant 9
pum AFT. In this model the BI term has replaced the Abs term used in the gradation
analysis, however the remainder of the terms are the same. The overall magnitude of the
coefficients may have slightly changed, however, the significance of each parameter

remained largely intact. The overall R* was also reduced slightly, but not by a large
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amount especially when considering the 9 um AFT model includes ten total mixtures as
opposed to the six utilized to develop the gradation regression model.

Therefore, the final regression model was based upon the aggregate characteristics
(CAAT?2), the asphalt binder content (Pbe), the interaction between the two components
(VFA and DP) in the compacted aggregate structure, and the categorical separation (BI)

between the SBS modified and unmodified asphalt binders.

7.2.6 Mixture-Aging Temperature

Similar to the pan-aged binders, the CA growth levels of the mixture-aged binders were
also expected to vary with the aging temperature. Largely stemming from the
temperature dependency of the HS terms noted with several of the pan-aged binders,
additional mixtures were prepared and aged in in the oven in the same manner as the first
set of mixtures which were aged at 60°C, only these additional specimens were aged at
85°C. The increase in temperature was suspected to increase the potential for specimen
deformation as was noted with some of the mixtures aged at 60°C. Therefore all of the
mixtures prepared for the 85°C aging were wrapped in the wire mesh prior to their
placement in the aging ovens. Following the respective aging duration of 0.5, 1, or 3
months in the 85°C ovens, the specimens were removed from the ovens, cooled and
trimmed to the correct geometry for mixture testing, either E* or UTSST. Following the
mixture testing, the binder from the E* specimens were extracted and recovered to be
tested for CA measures on the FT-IR and rheological measures with the DSR.

Due to the significant amount of resources required to age additional mixtures, only

two mixtures (California and Nevada) were selected for the 85°C aging. However, each
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of the mixtures were aged with all three levels of air voids (i.e. 4, 7, and 11%) over each
of the respective durations (0.5, 1, and 3 months). This would not only permit the
calculation of the CA growth as was previously discussed, but would also enable the
determination of the oxidation kinetics parameters (E, and the pre-exponential term) and
the HS parameters as a function of temperature for later comparison to the pan-aged
binders.

Initial analyses of these mixtures started with the evaluation of the CA growth of
the binder extracted and recovered from the respective mixtures as a function of

temperature and aging time which are presented in Figure 7.40 and Figure 7.41.
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General observations of the two figures clearly indicate the dramatic influence of the
aging temperature on the growth rate of the CA measures as can be expected. The
statistical analysis on the 60°C aged samples determined that the air void level did not
significantly affect the intercept for either the California or Nevada mixtures. However,
the slope was significantly influenced with the California mixtures. In contrast, general
observations of the influence of the air void level seem to exhibit a more substantial
influence when the mixtures were aged at 85°C. Indeed, when the regression analysis
was repeated including both the 60 and 85°C aging on the California and Nevada
mixtures separately as depicted in Table 7.20, both mixtures were significantly

influenced by the level of air voids. Additionally, the slopes of the CA growth for both
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mixtures were significantly affected by the aging temperature. The oxidation rate was
not significantly influenced by the level of air as determined by the lack of statistical
significance of the Age*Va term. However, similar to the analysis with the 60°C aging,
this is suspected to be an inherent limitation of the data set. If the current trends (i.e. CA
growth rates) continue as expected, then the significance of the discrepancy with air void
level would continue to increase to the point where it would become statistically
significant. Further, no information has been found to date to suggest that the oxidation
rate of the asphalt binder should deviate from the current trends for reasonable levels of
oxidation in the asphalt binder. It has been theoretically suggested that there should be an
oxidation saturation point where the oxidation rate slows down. However, physical
measurements during laboratory and field experiments have not yet supported such

theories.

Table 7.20 Stepwise Regression on Carbonyl Area with Aging Time at
60 and 85°C for Mixtures with 9um Apparent Film Thickness

CALI19122 7.44 60 & 85°C NV19128 5.22 60 & 85°C
Regression Coefficient | P-value | Significance | Coefficient | P-value | Significance
Parameter
Intercept, Bo 0.1364 0.000 Sig. -0.3441 0.002 Sig.
Age . .

-0.4034 0.000 Sig. -0.4918 0.000 Sig.

(Slope, B1) g &

Alr X;“ds’ 0.0225 | 0.000 Sig. 0.0171 | 0.000 Sig.

Age*Temp 0.0075 0.000 Sig. 0.0091 0.000 Sig.

Temp. N/A N/A NS 0.0090 0.000 Sig.
R* (%) 93.9 96.9
Adj. R* (%) 93.3 96.6
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It should be noted that the stepwise regression analysis on the California mixtures found
the aging temperature not to be a significant parameter (P-value = 0.089) at the 0.05
significance value. As a result, the omission of the aging temperature from that analysis
resulted in minimal reduction in the overall R* (i.e. about 0.4%) producing the final

statistical model presented in Table 7.20.

7.2.7 Summary of Mixture-Aged Asphalt Binder Oxidation Results

The previous sections presented the investigation into which aggregate and mixture
properties proved most influential to rate of oxidation of the asphalt binders aged in an
asphalt mixture aged at two temperatures (i.e. 60 and 85°C). This analysis was largely
based upon quantification of the oxidation level by the carbonyl area (CA) measured
through Fourier-transform infrared spectroscopy on extracted and recovered binders from
the aged mixtures.

A summary of the included aggregate and mixture parameters considered in this
analysis is provided in Table 7.8. The following Table 7.21, presents a summary of
which parameters were found to be significant in any of the statistical analyses. The table
also includes a reference to which section of this chapter was used to make the

significance determination for each respective input parameter.
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Table 7.21 Summary of Influential Mixture Factors on Carbonyl Area
as Function of Aging Time

Input CA value CA Analysis
. Rate
Variable | (Intercept) Reference
(slope)

Abs Sig. NS 7.2.4
. . 7.2.3,7.2.4,

Pbe Sig. Sig. 755
VFA Sig. NS 7.2.3,7.2.5
DP Sig. NS 7.2.4,7.2.5
CAAT Sig. NS 7.2.3,7.2.5
BI Sig. NS 7.2.3,7.2.5
Va Sig. Sig. 7.2.2,7.2.6

Temp. Sig. Sig. 7.2.6

The results of Section 7.2 as summarized in Table 7.21 indicate that rate of oxidation of
asphalt binders can be significantly influenced by the effective asphalt binder content
(Pbe), the air void (Va) level of the asphalt mixture during aging, and the temperature
during the oxidation of the evaluated asphalt mixtures.

The magnitude or overall level of oxidation was, in certain circumstances, affected
by those parameters as well as the aggregate absorption (Abs), the calculated voids filled
with asphalt (VFA), the calculated dust proportion (DP), the coarse aggregate angularity
and texture (CAAT) measured with the AIMS device, and the asphalt binder grade (BI).
In this particular instance, the BI term differentiates between the PG 64-22 and PG 64-28
asphalt binders. Due to their relative similarities, the majority of the noted differences
are assumed to be appropriately attributed to the polymer modification of the PG 64-28

binder.
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7.3 Mixture-Aged Asphalt Binder Rheological Measurements

Similar to the pan-aged asphalt binders, the extracted and recovered mixture-aged binders
were subjected to the frequency sweep testing which were used to develop the binder
master curves as part of the rheological assessment of the asphalt binders. This
assessment will be conducted in a similar manner as with the pan-aged asphalt binders
specifically referencing the test conditions found in Table 7.5. Recalling that the main
focus of the mixture-aged analysis was conducted with the PG 64-22 and PG 64-28
asphalt binders, with a select few from WesTrack included, the rheological test
conditions noted in Table 7.5 were maintained with respect to each asphalt binder grade.
Further, the rheological measures were shifted into master curves at a reference
temperature of 60°C which were fit to the CAS model with Rhea software package. The
fitted CAS model parameters were then utilized to create the black space plots considered
in this analysis.

Similar to the pan-aged binder analysis, the black-space plots will be considered to
present the rheological measures of the extracted and recovered asphalt binders. Certain
comparisons will be made in the following sections, while a summary of the dynamic
shear modulus (G*) master curves and the associated black space plots are provided in
Appendix K. Additionally, a summary of the CAS model parameters for the respective

measures is provided in Appendix L.



315

7.3.1 Mixture Air Void Level

Since significant changes were noted in the mixture-aged oxidation measurements of the
asphalt binders due to variations in the air void level, the influence of the air void level on
the rheological measurements will be assessed. Similar to the pan-aged analyses, the
rheological measures of the mixture-aged and subsequently extracted and recovered
asphalt binders will generally be considered in terms of the black space plots.

The first comparison will be made with the California aggregate source mixed with
the PG 64-22 asphalt binder aged at 60°C with 4, 7, and 11% air voids. General
reference is made to Figure 23.1 through Figure 23.6 of Appendix K for the full set of

master-curve and black space plots which are summarized by the black space plot of

Figure 7.42.
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For ease of data presentation, only the measurements from the extracted and recovered
binders of the zero and nine month aged specimens are presented in Figure 7.42. Figure
23.1 through Figure 23.6 also show a general shift in the black space plot, generally
toward lower phase angles as a function of aging duration with each of the air void levels.
Figure 7.42 presents a relative comparison of all three air void levels, noting the general
similarities in the black space relationships of the zero month aged mixtures. The relative
similarities continue with the measurements of the nine month mixture-aged binders.
Recall from the oxidation kinetics measurements that the oxidation levels of the
respective mixtures were noticeably different relative to the air void level. However, the
binder rheological measures exhibited much less variation as a function of the air void
level over the same aging durations. This is not to state that each of the asphalt binders
were not aged or stiffened over the nine month duration in the 60°C oven, but merely
their black space representation did not shift significantly. As indicated in Figure 7.43,
the G* master curves as a function of frequency to clearly display the overall differences

in the shear modulus values of the respective binders.
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The comparative data presented in Figure 7.43 show that the binders do, in fact age
appreciably in the mixtures. Further, the example G* master curve relationships
presented in Figure 7.43 also indicate the similarities in the zero month aged samples (i.e.
short term aged only), as compared to the systematic increase in the G* master curve with
aging as a function of the respective air void level of the mixtures.

Therefore, the oxidation of the PG 64-22 binder generally led to a reduction in the
phase angle for a given stiffness value (G*) as a function of aging with some increase in
the stiffness noted with the air void level at a given aging duration. In other words,
oxidation caused the binder to increase in stiffness and loses some of the measured

flexibility with oxidation.
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Figure 7.44 presents the black space plots of the Nevada aggregates mixed with the

PG64-28 asphalt binder as a function of aging time at 60°C and air void level.
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From the figure it is clear that the polymer modification has some influence on the aging

of the binder, particular in the black space representation. Similar to the measurements of

the polymer modified pan-aged binders, the mixture-aged SBS modified binders also

exhibits a rotation not just the lateral translation as was the case for the PG 64-22 binder

previously. Referencing Figure 23.31 through Figure 23.36 found in Appendix K, the

black space representation of the shifted master curves all exhibit the same rotation with

increased levels of aging. This is accompanied by the clear increase in the G* master

curves as a function of reduced frequency. However, not only does the measured value
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of G* increase with aging, the curvature of the master curves also increase. The increase
in the curvature in this case signifies the initiation of glassy or more brittle behavior at
lower reduced frequencies. This is evidenced by the general decrease in both the fitted
glassy modulus (G,) and the crossover frequency (w,) presented in Table 24.3 of
Appendix L. While the decrease in G, may initially seem to indicate a softening of the
binder, it should be clarified that this is the result of the combined effect of the reduced
curvature and the higher w, indicating much higher frequencies are necessary to produce
similar glassy behaviors with the lesser aged binders. Thus, the increased curvature (i.e.
at the reference temperature of 60°C) and the general reduction in the phase angle
produce the combined effect of the rotation of the black space representation of the
respective master curves.

There are some subtle differences noted in the final black space representation
noted with the variation in air void level. However, it is important to recall the dramatic
differences noted in the level of oxidation observed as a function of the air void level in
the mixtures during aging. Thus, the combined effect will be considered in the following
section relative to the measured hardening susceptibility of the respective mixture-aged
asphalt binders.

Figure 7.45 presents the rheological measurements of the mixture with Utah

aggregates and the PG 64-28 asphalt binder aged with different air void levels at 60°C.
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60°C with 4, 7, and 11% Air Voids
The Utah aggregates in Figure 7.45 present nearly the same overall behavior as the
Nevada mixtures. The same rotation of the black space representation is observed again
with the similar magnitude of the black space plots relative to the air void level. The
binders extracted and recovered from the Utah mixtures did tend to have a more
systematic variation compared to the Nevada mixtures. Specifically the 11% air void
mixtures are consistently the furthest in terms of a clockwise rotation of the black space
representation of the master curves for a given aging condition. Similarly, the
measurements from the 4% air void mixtures are the furthest in a counter-clockwise
rotation for a given aging condition. Thus, placing the measurements from the 7% air
voids partially in between with the overall rotation of the black space representations

moving in a counter clockwise rotation.
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Figure 7.46 presents the rheological measurements of the WesTrack aggregates

mixed with the respective WesTrack PG64-22 asphalt binder, both from 1997 aged with

different air void levels at 60°C.
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Figure 7.46 Black Space Plots for WT97C22 5.1 Mixtures Aged at
60°C with 4, 7, and 11% Air Voids

Observations of the binder master curves of the extracted and recovered binders obtained

from the WesTrack mixtures from 1997 aged at different air void levels at 60°C in the

black space representation present nearly identical relationships for all mixtures

regardless of the aging or air void level. This clearly does not suggest that the binders

have not been oxidized as indicated by the G* master curves presented in Figure 23.53

though Figure 23.58 of Appendix K. In those figures, observations of the G* plots

readily indicate the increase in the stiffness of the binder by the increase in the measured
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G* values as a function of the reduced frequency. So clearly, the binder are becoming

more oxidized with aging time as should be expected. Figure 7.47 presents the G* master

curve relationships as a function of reduced frequency.
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Figure 7.47 clearly shows that the mixtures are indeed stiffening in a systematic order

with the air void level of the mixtures. Therefore, the black space representation should

not be interpreted as a lack of stiffening in the mixture-aged binders, but should serve to

highlight the fact that solely observing the master curves in the black space plots do not

directly indicate the influence of the tested or shifted (i.e. reduced) frequencies. They do

however, provide information regarding the stiffness (i.e. G*) in relation to a

representation of flexibility or viscous response (i.e. phase angle).
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In general, the influence of the air void level was not dramatically evident in the
black space plots measured on the extracted and recovered binders from mixtures with
different air void levels aged at 60°C. However, some systematic variations were noted
with most of the measured binders particularly when the G* master curves as a function
of the reduced frequency found in Appendix K are considered. It is important to recall
the significant differences noted in the level of oxidation observed in the previous section
7.2. Therefore, the combined effect of the variations noted in the oxidation levels and
minor differences observed with the rheological measures will be combined in the
respective section focusing on the hardening susceptibilities of the respective mixture-

aged asphalt binders.

7.3.2 Asphalt Binder Content

The evaluation of the influence of the asphalt binder content on the rheological measures
of the extracted and recovered asphalt binders was again considered directly with the
Colorado and Nevada mixtures produced with two asphalt binder contents using both the
PG 64-22 and PG 64-28 asphalt binders.

Figure 7.48 and Figure 7.49 present the rheological measures of the extracted and
recovered binder from the Nevada mixtures for the constant binder content of 4.5%
TWM and the binder content to obtain the calculated 9um AFT for the zero and nine

month aging durations with the PG 64-22 and PG 64-28 asphalt binders, respectively.
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Similar trends to those already noted in the air void evaluation are noted for the
respective asphalt binders mixed with the Nevada aggregates. Specifically, the mixtures
containing either of the binder contents with the PG 64-22 binder generally exhibits the
lateral translation of the black space plot to the left with increases in the oxidation level
of the binder. Though they appear quite similar in magnitude, the shift of the mixture
with the higher binder content (i.e. 5.38% TWM) appears to be a little larger than that of
the lower binder content (i.e. 4.5% TWM).

Considerations of the Nevada mixtures with the PG 64-28 binder presented in
Figure 7.49 show similar trends to those noted previously with the modified binder. The
same counter-clockwise rotation of the black space representation of the measured binder
master curves from the mixture-aged binders was observed, again with the higher binder
content showing the largest movement in the black space representation as was noted
with the mixtures containing the unmodified PG 64-22 binder.

Figure 7.50 and Figure 7.51 present the rheological measures of the extracted and
recovered binders from the Colorado mixtures aged with the constant binder content of
4.5% TWM and the binder content to obtain the calculated 9um AFT for the zero and
nine month aging durations with the PG 64-22 and PG 64-28 asphalt binders,

respectively.
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Considering the black space plots of the Colorado mixtures with the unmodified PG 64-
22 binder of Figure 7.50, gives rise to an aging behavior very similar to what has been
observed with the previous rheological measures of the mixture-aged binders in this
section. The same leftward translation is noted as well as the magnitude of the shift
remained the greatest with the mixture containing the higher binder content (i.e. 4.5%
TWM).

Similar considerations of the black space plots of the Colorado mixtures with the
modified PG 64-28 binder of Figure 7.51 also indicate a generally similar response to the
aging with a counter-clockwise rotation of the black space representations. Due to the
initial offset between the two binder contents at the zero month aging condition, it is
difficult to accurately assess which binder content presents the largest overall shift, but
there are some slight indications that the higher binder content (i.e. 4.5% TWM) may
again exhibit the largest shift, at least by a slight margin.

Figure 7.52 through Figure 7.55 present the rheological measures of the extracted
and recovered binders from the Colorado and Nevada mixtures aged with the constant
binder content of 4.5% TWM at the zero and nine month aging durations with both the
PG 64-22 and PG 64-28 asphalt binders including within aggregate source and within

binder source comparisons.
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Figure 7.52 and Figure 7.53 provide evidence that while the properties of the asphalt
binder may be the most significant factor influencing the oxidation process of asphalt
mixtures, there is also some influence introduced by the mixtures or aggregates as well.
Considering the magnitude of the leftward shifting of the PG 64-22 binder curves in
Figure 7.54 indicates that the exact same binder at the same binder content within the
mixture does not necessarily produce the same rheological measures of the extracted and
recovered binders. Again, this particular assessment has intentionally excluded the
chemical measures of the oxidation level (i.e. FT-IR measures), but was focused on the
rheological and stiffness measures. It is generally noted that the magnitude of the shift in
the black space plots with the Colorado aggregates is substantially larger than that of the
Nevada mixtures.

By a similar comparison in Figure 7.55, a similar observation is made with the
mixtures containing the PG 64-28 asphalt binder. Though the final measures of the nine
month aged specimens are relatively the same, the measures from the two aggregate
sources initially did not exhibit the same relationship (i.e. zero month aging). This
observation necessitates that the changes during the aging process differ from each other
as well. Similar to the mixtures containing the unmodified PG 64-22 binder, this
comparison also indicates that the smaller change in the black space representation of the
binder master curve occurred with the Nevada mixtures.

In general, the influence of the asphalt binder type (i.e. unmodified compared to
polymer modified) was again found to significantly influence the rheological measures
on the asphalt binder as a function of the oven aging duration. Additional considerations

also found the binder content to be a contributing factor to the overall change in the
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rheological measures of the extracted and recovered binders from different mixtures. The
aggregate sources themselves were also noted to exhibit discrepancies between mixtures
with the same asphalt binder content. However, this portion of the investigation only
included two aggregate sources (i.e. Colorado and Nevada), thus exploration into the

specific cause of this variation was not plausible.

7.3.3 Qualitative Gradation

The investigation into the influence of the qualitative gradation was conducted on the
California aggregates with the PG 64-22 asphalt binder and on the Nevada and Utah
aggregates with the PG 64-28 asphalt binder. These mixtures were prepared at the
respective asphalt binder contents to yield the 9 um AFT determined from the respective
mix design for each mixture. This produced different total asphalt binder contents for
each mixture dependent upon the influence of the aggregate gradation, the respective
surface characteristics calculated for each mixture, as well as the changes in the
absorption of each aggregate source.

Figure 7.56 presents a summary of the black space plot of the binders extracted and
recovered from the California aggregates for the intermediate and fine gradations after

aging at 60°C for zero and nine month durations.



332

1.0E+06 I California Mixtures |
= 1.OE+05

2
= 1.0E+04
g
2 1.0E+03

1.0E+02

1.0E+01

1.0E+00

1.0E-01
1.0E-02 | ====CALI19122_7.44 7% Va_60°C_Omo
= CALI19122 7.44 7% Va_60°C_9mo
eeeeeCALI9F22 9.14 7% Va_60°C_Omo
1.OE-04 -=| == - CALI19F22 9.14 7% Va_60°C_9mo

1.0E-03 =

Dynamic Shear Modulus, G* at 6

l.OE_OS T T T T T
0 10 20 30 40 50 60 70 80 90
Phase Angle, d (Degrees)

T T T 1

Figure 7.56 Black Space Plots for California Mixtures with Different
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The relative comparison between the intermediate and fine gradation of the California
aggregates with the PG 64-22 asphalt binder presented in Figure 7.56, indicates a general
shift in the black space representation between the respective mixtures. From this
representation, it appears that the fine gradation was not as influenced by the aging
duration compared to the intermediate gradation. However, Appendix K provides
reference to Figure 23.3 and Figure 23.4 compared to Figure 23.15 and Figure 23.16
suggests that the apparent difference noted here may not be as prominent as it appears.
Figure 23.4 depicts the black space representation of all four aging durations of the
intermediate gradation and notes that the zero month mixture is fairly different from the
other three durations, which are quite similar to one another. By comparison, Figure

23.16 indicates that all of the relationships from the fine mixture are fairly similar, but
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systematically vary with the aging duration. Further consideration of these relative
differences is observed by comparing Figure 23.3 and Figure 23.15, which suggest as far
as the G* master curves are concerned, the aging level may be fairly similar. As a result,
rather than provide judgment based upon one set of data, it may be prudent to observe the
other mixtures for further clarification on this analysis.

Therefore, Figure 7.57 and Figure 7.58 present the relative comparisons between
the intermediate and fine gradations with the Nevada and Utah aggregate sources mixed

with the PG 64-28 asphalt binder.
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Consideration of the qualitative gradation from the mixtures containing the PG 64-28
asphalt binder suggests that the overall magnitude observed in the shifting of the black
space representations are fairly similar between the two gradation levels evaluated. It has
been noted that the fine gradations typically exhibit a further clockwise rotation as
compared to the intermediate gradation. However, the difference between the zero and
nine month ageing durations is largely the same with respect to the qualitative gradation.

The additional rotation of the black space plots has also been observed as a function
of the aging level with the PG 64-28 asphalt binder. In this regard, general observations
of Figure 7.36 and Figure 7.37 from the mixture-aged oxidation analysis suggests that the
fine gradations tend to increase the rate of CA growth for a given aggregate source with

the California and Utah aggregates, but not with the Nevada mixtures. Thus the variation
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in the rheological measures with the California and Utah mixtures may potentially be the
result of differences in the oxidation level, however the Nevada mixtures suggest
otherwise. Further consideration of this interaction will be considered in terms of the HS

parameters in the coming sections.

7.3.4 Constant Film Thickness

Further investigations into the impact of the mixture and aggregate characteristics on the
rheological measurements of the mixture-aged binders were performed with mixtures
prepared at the total asphalt binder content determined to provide a constant AFT of 9
um. Figure 7.59 through Figure 7.61 present the respective black space representation

for those mixtures with the PG 64-22 and PG 64-28 asphalt binders.
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Consideration of Figure 7.59 through Figure 7.61 present similar deviations in the
rheological measures noted previously between the two asphalt binder grades (i.e. PG 64-
22 and PG 64-28). Within each respective aggregate source, the only factor that has
changed in these comparisons was the asphalt binder grade. The aggregate gradation was
held constant and the total binder content was adjusted so the AFT of 9 um was also
maintained. Thus, based upon the assumption of the AFT calculation being an accurate
representation of the absorbed and effective asphalt binder contents, the only variable in
these considerations was the asphalt binder grade.

Based on those conditions, it is readily apparent that the asphalt binder grade (i.e.
specifically the polymer modification process) provided a significant contribution to the
rheological measures as a function of aging duration in respective mixtures. It is further
noted that the magnitude of the discrepancies between the different binders changes with
the aggregate source as well. As an example from Figure 7.59, relative comparisons of
the rheological changes exhibited over the nine month aging duration are vastly different
between the two binder grades. This relative difference is not replicated with either the
Colorado or Nevada mixtures, and even they exhibit a noticeable discrepancy between
each other.

Due to the dramatic differences between the two asphalt binders, more conclusive
observations of these mixtures are provided by considering each of the respective
aggregate sources specific to one binder type at a time. Therefore, the mixtures
containing the unmodified PG 64-22 binder are presented in Figure 7.62 and the mixtures

containing the SBS modified PG 64-28 are provided in Figure 7.63.



338

1.0E+06 % 9 pnm AFT Mixtures %

< 1.0EH05 =

=<
~1. — ST
1LOE+d e S

o I l§~\ s
& | 0E+02 | NS
x 1. ™
&) f
E 1.0E+01
=
= :
g LOE-O1 === GATIOR2 7.44 7% Va_60°C_Omo E%{m 5
% 1.0E-02 | = CALI19122_7.44 7% Va_60°C_9mo | AR\Y
2 ceeees CO19I22 3.61 7% Va 60°C Omo |
E 1.0B-03 | == +CO19122 3.61_7% Va_60°C_9mo .
g e NV 19122 5.38 7% Va_60°C_Omo | 1
2 1.0E-04 - = NV19122 5.38 7% Va 60°C 9mo %
l.OE-OS T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Phase Angle, & (Degrees)
Figure 7.62 Black Space Plots for Select Mixtures with Constant
Apparent Film Thickness Aged at 60°C with PG 64-22 Binder
LOE+06 =9 ym AFT Mixtures —s————
< 1.0OE+05 I —_————
n:; ™
vl. E+ 4 -/ = *
O 0E+0 | o
g 1.0E+02 7\;‘_
= f AN
=
= 1.OE+00 CALI9128_7.51_7% Va_60°C_9mo
e 10E.01 CALI19128 7.51 7% Va_60°C_0Omo |
g — = COI19128 3.65 7% Va_60°C_0Omo .E
@« 1.0E-02 e CO19128 3.65 7% Va 60°C 9mo | Sy
2 ===-NVI19128 5.22 7% Va_60°C_Omo | W
E 1.0E-03 —NV19128 5.22 7% Va_60°C_9mo %
Q‘i ===-UTI2.5128 3.79 7% Va_60°C_Omo|

1.OE-04 4= UT12.5128 3.79 7% Va 60°C Omoj———eeeeoooooo

1.0E-05

10 20 30 40 50 60 70 80 90
Phase Angle, 3 (Degrees)

oS 4

Figure 7.63 Black Space Plots for Select Mixtures with Constant
Apparent Film Thickness Aged at 60°C with PG 64-28 Binder



339

Observations of the mixtures containing the PG 64-22 binder in Figure 7.62 indicate a
fairly similar deviation in the black space representation over the nine month aging
duration between the respective mixtures. However, the initial measurements (i.e. zero
month aging condition) exhibited larger discrepancies between the respective aggregate
sources.

Similar variations due to the nine month aging duration are observed between the
different aggregate sources in Figure 7.63 with the Colorado, Nevada, and Utah mixtures,
but not with the California mixture. In this instance, the California mixture was not only
initiated at a different black space representation (i.e. zero month aging), but also
exhibited a fairly different relationship after nine months of aging. This directly presents
a substantial change in the black space due to the nine month aging duration at 60°C.

There were also systematic variations noted between the Colorado, Nevada, and
Utah mixtures, though the overall change in the black space plots remained

comparatively similar between those three mixtures.

7.3.5 Mixture Aging Temperature

Similar to the analysis of the oxidation growth of the mixture-aged asphalt binders, an
additional aging temperature of 85°C has been considered in addition to the previous
measures which were aged at 60°C. For the sake of clarity, the black space diagrams
presenting the effects of aging temperature on the rheological measurements will be
separated relative to the air void level of the mixtures during aging. Therefore, the

California mixture with 7% air voids has been provided in Figure 7.64, while the
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mixtures aged with 4 and 11% air voids were provided in Figure 7.65. Similarly, for the
Nevada mixtures aged at 60 and 85°C, the 7% air voids mixtures were provided in Figure
7.66, while the mixtures aged with 4 and 11% air voids were presented in Figure 7.67.

In these figures it is important to note that the least aged mixtures with the 85°C
aging were conditioned for 0.5 months (i.e. 2 weeks) as opposed to the 60°C aging sets

which initially only experienced short-term oven aging (i.e. zero months).
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Consideration of the California mixtures with 7% air voids and the PG 64-22 binder in

Figure 7.64, showed that the aging temperature had a fairly significant effect on

rheological measures of the extracted and recovered binders. This is quite expected given

the drastic influence the aging temperature had on the oxidation measures discussed

previously.

Through the many mixtures presented in Figure 7.65, it is evident that there is a

general migration of the black space relationships as a function of increased aging

severity, whether due to duration or increased temperature. It is interesting to note the

similarities in the black space representations of the binder master curves between the

CAL19122 7.44 11% Va 60°C_9mo measurement and that of the CAL19122 7.44 4%

Va 85°C 3mo. These two black space plots are similar to one another and also have
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relatively close oxidation levels (i.e. CA measures) as depicted previously in Figure 7.40.
This is an encouraging finding, although only a single point of consideration this suggests
that the CA measures are appropriately correlating the chemical changes due to the
oxidation process with the measured physical changes in terms of rheological measures.
More comprehensive and robust correlations between these measurements are considered
with the hardening susceptibility analyses found in section 7.4.6.

Considerations of the aging temperature on the Nevada mixtures containing the PG
64-28 asphalt binder with the 7% air void level are also provided in Figure 7.66. Similar
consideration of the Nevada mixtures containing the PG 64-28 binder only aged with 4

and 11% air voids are provided in Figure 7.67.
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Similar commonalities as were noted with the California mixtures were also observed for
the Nevada mixtures with the PG 64-28 asphalt binder. Specifically, very similar
rheological measures were noted between the NVI19I28 522 7% Va 60°C 9mo
materials and the measurements of the NV19128 5.22 7% Va 85°C_0.5mo presented in
Figure 7.66. Again referencing Figure 7.41, the measured CA values are different by
approximately 0.1, which is a fairly close comparison.

Observation of the 4 and 11% air void mixtures of Figure 7.67 begin to show some
discrepancies between the overall rheological behavior as a result of the aging
temperature. Specifically, the two mixtures aged for three months at 85°C are quite
similar to each other and fairly similar to the mixtures aged for nine months at 60°C

toward the higher end of the phase angle range. They exhibit a substantial discrepancy
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from the 60°C aged mixtures at the lower end of the phase angle range (i.e. higher
modulus values).

Thus, the general conclusions that can be drawn from these observations is that
some of the measured rheological relationships of the mixtures were influenced by the
temperature under which the mixtures were aged, typically with some marked difference
in the oxidation level (i.e. CA level). Some of the rheological measures were relatively
similar at the same levels of aging, based upon the limited point to point comparisons.
However, a more robust analysis of the correlations between the rheological measures
and the measured oxidation level with respect to the aging temperatures will be
considered in section 7.4.6, which focuses on the hardening susceptibility relationships of

the these mixture-aged binders.

7.3.6 Summary of Mixture-Aged Rheological Measurements

Considerations of the rheological measurements of the mixture-aged asphalt binders were
conducted by producing mixtures with differing levels of the experimental factors under
investigation (e.g. mixture air void level, asphalt binder content, asphalt binder type,
qualitative gradation, and aging temperature). The mixtures were aged to different
oxidation levels, extracting and recovering the binders which were then tested on the
dynamic shear rheometer.

The systematic influence of the mixture air void level was observed with the

mixtures containing the modified PG 64-28 asphalt binder, although the differences were
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not overly substantial. Evidence of the same variation of mixture air void level was not
as clear with the mixtures containing the unmodified PG 64-22 asphalt binder.

Considerations of the asphalt binder content indicated that the higher asphalt binder
contents generally exhibited larger changes in the black space representation of the binder
master curves (i.e. Colorado and Nevada mixtures). This was observed in mixtures
containing both the unmodified PG 64-22 and the modified PG 64-28 asphalt binders.

The influence of the qualitative gradation on the rheological measures was
somewhat inconsistent and thus inconclusive, largely due to potential influences by the
overall oxidation level of the respective binders. More specific considerations combining
these two factors will be addressed in the hardening susceptibility analyses.

Consideration of the mixtures containing the variable asphalt binder contents to
maintain a 9 um AFT indicated that the aggregate sources had a potential influence on the
black space representations of the asphalt binder master curves with the unmodified PG
64-22 binder. Although the magnitude of the change in the black space plots over the
aging duration remained fairly consistent between the aggregate sources.

The black space plots of the mixtures containing the PG 64-28 binder were
systematically ordered but relatively similar for three of the four aggregate sources
considered. However, the California mixture exhibited a substantial variation both in
terms of the initial black space relationship and the change in that representation due to
the nine month oxidation period.

The influence of the aging temperature was observed to increase the binder stiffness
represented by the black space curves. From the limited point-to-point considerations the

data suggest that the increase in the aging temperature largely tended to progress the
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black space plots along a similar path as was noted at lower aging temperature, only at a
faster rate. However, more comprehensive analyses will be considered with all of the
measures in section 7.4.6, not a simple point-to-point consideration presented in this
section.

It is important to note that many of the rheological measures presented in this
section generally exhibited fairly inconsistent results relative to the experimental factors
being investigated (e.g. air void level, qualitative gradation, and constant film thickness
evaluations). However, other factors were noted to have noticeable influences on the
rheological measures of the extracted and recovered mixture-aged binders (i.e. asphalt
binder content and type).

It is important to note that some of the very same factors were found to be highly
influential on the relative levels of oxidation observed with the same mixtures. This
directly highlights the limitations of many of the previous studies of binder oxidation
which have been largely based upon mixture and/or asphalt binder stiffness or viscosity
measurements. The stiffness measures of these materials do not completely describe
their behavior and thus may inadequately describe the performance of these materials in
service. Further considerations of this effect will be considered in the following chapters
with respect to the measured characteristic behavior of the asphalt binders as well as the

direct measures of the asphalt mixture properties as a function of oxidative aging.
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7.4 Mixture-Aged Asphalt Binder Hardening Susceptibility

Similar to the pan-aged asphalt binders, the kinetics information was readily combined
with the rheological measurements in the form of the low shear viscosity determinations
to create the hardening susceptibility (HS) relationships for the respective mixtures based
upon the binders extracted and recovered from the aged mixtures. Reference is made to
Table 5.1 and Table 5.2 for the overall testing matrix and the corresponding naming
convention of the recovered asphalt binders specific to the factors considered in this
analysis. After a general analysis of the rheological measurements on the extracted and
recovered asphalt binders, the HS of the mixture-aged binders will be assessed following

the same order as kinetics determinations.

7.4.1 Statistical Analysis Methods of Mixture-Aged Hardening Susceptibility

The statistical analysis for the HS relationships were conducted in much the same manner
as were previously utilized for the oxidation kinetics measurement utilizing multivariate
linear regression techniques. However, the HS relationship is defined as the slope of the
plot of LSV as a function of CA in a semi-log scale as has been previously defined by
Equation 3.72. To permit the use of the linear regression techniques conducted
previously, the dependent variable (LSV) had to be transformed in the log scale. Further,
it was convenient to refer to the relationship in the exponential form, so the natural log
form was utilized. Therefore, the same regression form of Equation 7.9 was maintained

with the slight modification of the predicted response being In(LSV), as indicated by
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Equation 7.10. In this form, the statistical analyses were conducted with the Minitab

software.

E{Y} = Bo + B1X1 + B2Xs + B3 X1 X, Equation 7.10

where, E{Y}— predicted dependent variable in the analysis, In(LSV);

Bo -  intercept of the base equation (condition A);

B - slope of the base equation (condition A);

By - modification to the intercept of the base equation due to condition B;
B3 -  modification to the slope of the base of the equation due to condition B;
X - independent predictor variable (CA-CArank);

X, - qualitative predictor variable (dummy variable);

X, = 0, for condition A,

X, = 1, for condition B.
To find LSV directly, as opposed to finding In(LSV) and taking it to a power of Euler’s
number (e), the regression expression may be restated to the form of Equation 7.11. In
this revised form, the statistical coefficients (B values) retain the numeric value and LSV

may be determined directly.

= PopP1(CAG) o B2X2 o B3(CAGIX:
LSV = efoer ersrer ’ Equation 7.11

In either the form of Equation 7.10 or Equation 7.11, the HS relationships for the

mixture-aged binders are considered.
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Once the rheological measures have been calculated to yield the LSV values, the LSV

and CA measurements from the extracted and recovered binders from each respective

mixture aging condition for the appropriate set of mixture characteristics may be

combined together to yield the HS relationship for that particular mixture. Similar to CA

growth and rheological analyses already completed, Figure 7.68 and Figure 7.69 present

the hardening susceptibility plots produced from the binder obtained by extraction and

recovery from the mixtures aged at different air void levels aged at 60°C, differentiated

by the asphalt binder type (i.e. polymer modified PG 64-28 or unmodified PG 64-22).
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Initial observations of these figures clearly indicate potential discrepancies between the
mixture-aged binders. At first, the mixture-aged PG 64-22 measurements of Figure 7.68
seem to indicate there may be quite similar relationship for the unmodified binders.
However, it is important to note the clear discrepancies that were observed with the pan-
aged binder HS relationships. Therefore, based on these measures alone, it cannot be
clearly determined if the HS relationship is dependent solely upon the asphalt binder, or
if a significant interaction with aggregate source may have caused the similarity by
coincidence.

Additional consideration of Figure 7.69 presents clear evidence that the influence of
the aggregate may, with certain materials such as the PG 64-28 in this case, cause a
significant difference in the HS relationships of mixture-aged asphalt binders. To be

clear, the only differences between the HS relationships were the aggregate sources and
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the total binder content. Further consideration of both cases will be considered with
additional mixture-aged HS relationships.

Another significant finding noted in the mixture-aged asphalt binder measures with
both the unmodified PG 64-22 binders and the SBS modified binders is that the relative
difference between the air void levels of the mixtures during the aging process are either
very small or non-existent, at least for these mixtures in particular. This finding was
further supported by the stepwise regression and final regression models presented in

Table 7.22 and Table 7.23.

Table 7.22 Statistical Significance of Air Void Level on Hardening
Susceptibility at 60°C for Mixtures with PG 64-22 Binders

CALI19122 7.44 WT97C22 5.1
Regression Coefficient | P-value | Significance | Coefficient | P-value | Significance
Parameter
Intercept-m, By 8.5340 0.000 Sig. 8.3259 0.000 Sig.
CAg . .
5.2766 0.000 Sig. 4.9098 0.000 Sig.
(HS, B1) ¢ ©
R* (%) 96.6 94.8
Adj. R* (%) 96.3 94.3

Table 7.23 Statistical Significance of Air Void Level on Hardening
Susceptibility at 60°C for Mixtures with PG 64-28 Binder

NV19I128 5.22 UT12.5128 3.79
Regression Coefficient | P-value | Significance | Coefficient | P-value | Significance
Parameter
Intercept-m, [ 11.4630 0.000 Sig. 10.5172 0.000 Sig.
CAg . .
1.7489 0.000 Sig. 2.2745 0.000 Sig.
(HS, B1) ¢ b
R* (%) 91.4 94.5
Adj. R* (%) 90.6 94.0
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Table 7.22 and Table 7.23 both confirm the lack of significance of the air void level on
the HS relationship with both the unmodified (PG 64-22 and WT64-22) and modified
asphalt binders (PG 64-28). This is an important finding by indicating that the HS
relationship is independent of the air void level or density of the asphalt mixture during
aging. As a result, the HS relationship for a given mixture, with a given gradation and

binder content can be represented by a single HS determination as shown in Figure 7.70.
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Based upon visual observation of the HS plots, the calculated coefficient of determination
(R?) presented in Figure 7.70, and the statistical evaluation provided in Table 7.22 and
Table 7.23, it has been generally accepted that the HS of the mixture-aged binders may
appropriately be represented by a single relationship. This is a significant benefit in
terms of the overall reduction in the quantity of testing required to perform these types of
analyses. Therefore, the determination of the HS relationship for a particular mixture of a
given gradation and binder content may be determined by a single air level, thus reducing
the number of tested specimens by two thirds in this investigation. Unfortunately, the
kinetics measurements (i.e. CA growth) did not follow this convenient similarity.
Therefore the kinetics is still dependent upon the air void level of the mixture, while the

HS parameters may be considered independent of the air void level.

7.4.3 Asphalt Binder Content

The next experimental factor considered was the variation in the asphalt binder content.
By keeping the aggregate gradation the same and varying the asphalt binder content also
caused noted changes in the apparent film thickness (AFT) of the asphalt binder in the
mixture.

Figure 7.71 and Figure 7.72 consider the HS relationships between the different
asphalt binder contents of mixtures utilizing the Colorado and Nevada aggregates with

both the PG 64-22 and PG 64-28 binders.
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General observations of Figure 7.71 indicate that there is a fairly minor difference
between the two binder contents with the Nevada aggregates and the PG 64-28 asphalt
binder. There is a slight difference noted between the two binder contents with the
Nevada aggregates and the PG 64-22 binder, with a clear separation between the binder
grades.

Figure 7.72 presents a similar comparison but with the Colorado aggregates. A
similar deviation is noted between the two asphalt binder grades as was noted with the
Nevada aggregates. However, a slight deviation is noted between the two binder contents
in the Colorado mixtures. Unfortunately, the deviation with binder content does not
follow a consistent pattern between the binder grades. Specifically, the HS relationship
plots lower on the figure with CO19122 mixture with an increase in binder content (i.e.
3.61 to 4.5% TWM). However, the opposite is true for the HS of CO19128 mixtures (i.e.
the 4.5% plots higher than the 3.65% TWM mixture). By comparison, a relatively
similar reduction was noted with both the Nevada and Colorado aggregates with PG 64-
22 asphalt binder, although the HS of the NV19122 mixtures do cross each other making
this assessment dependent upon the CA level in the consideration.

To clearly identify if these relationships are significantly different within the
general groupings noted by visual observation, the stepwise linear regression analysis
was conducted to produce the final regression relationships for each respective aggregate
source. The results of those analyses are presented in Table 7.24 and Table 7.25 with the
categorical variable (BI) set to a value of unity for the SBS modified PG 64-28 and a

value of zero for the unmodified PG 64-22 asphalt binders, respectively.



Table 7.24 Statistical Significance of Hardening Susceptibility at 60°C

for Nevada Mixtures

NV19I Binder Content Analysis
Regression Coefficient | P-value | Significance
Parameter

Intercept-m, B 8.8169 0.000 Sig.

CAg .

4.5704 0.000 Sig.

(HS, B) s

BI 2.5449 0.000 Sig.

(CAg)*BI -2.6416 0.000 Sig.
R? (%) 97.6
Adj. R* (%) 97.0

Table 7.25 Statistical Significance of Hardening Susceptibility at 60°C

for Colorado Mixtures

CO19I Binder Content Analysis

Regression Parameter | Coefficient | P-value | Significance
Intercept-m, B3, 8.6164 0.000 Sig.
CAg .
4.2817 0.000 Sig.
(HS. B) i
BI 2.4725 0.000 Sig.
(CAg)*BI -2.6062 0.000 Sig.
R* (%) 96.9
Adj. R* (%) 96.1
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The statistical analyses presented in in Table 7.24 and Table 7.25 generally follow the

observations made from Figure 7.71 and Figure 7.72. The significance of the BI term

and the interaction term (CAg)*BI indicate that the asphalt binder grade, or more

importantly in this case the effect of the polymer modification, significantly affects the

intercept (m-value) and the slope (HS) with both the Colorado and Nevada aggregates.
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With these being the only modification to the base HS equation (e.g. CO19122 when BI =
0 for the Colorado mixtures), further indicates that the slight differences in the HS
parameter noted due to the change in asphalt binder content were not statistically
significant in the regression analysis. It should be noted that the majority of the
aggregate factors noted in Table 7.8 are necessarily blind to these particular calculations
since each were conducted within an aggregate source (i.e. Nevada or Colorado),
therefore each analysis would have exactly the same value for these properties thus
providing no significant benefit to the overall model.

To assess the potential influence of the aggregate properties on the HS relationship,
those input parameters must exhibit some variation in the experimental design. Thus,
Table 7.26 provides the final regression model for the HS relationships with the Colorado
and Nevada mixtures all containing 4.5% TWM asphalt binder content with both the

unmodified PG 64-22 and the SBS modified PG 64-28 asphalt binders.

Table 7.26 Statistical Significance of Hardening Susceptibility at 60°C
for Mixtures with 4.5% Asphalt Binder Content

4.5% TWM Binder Content Analysis

Regression Parameter | Coefficient | P-value | Significance
Intercept-m, By 8.8442 0.000 Sig.
CAg .
4.2033 0.000 Sig.
(HS, B1) ¢
BI 2.1176 0.001 Sig.
(CAg)*BI -1.9635 0.012 Sig.
R (%) 91.4

Adj. R* (%) 89.3
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In these particular analyses, all the aggregate factors noted in Table 7.8 were included,
though not all at one time to avoid unacceptable co-linearity issues with the input
variables. Nevertheless, the only significant factors found aside from the main effects of
the HS and m terms were again the BI and (CAg)*BI terms, noting that the binder grade
or modification in this case significantly influences the HS relationship (i.e. both the HS

and m parameters).

7.4.4 Qualitative Gradation

The effect of the aggregate gradation was investigated on a qualitative basis by
considering one intermediate and one fine gradation for the California, Nevada, and Utah
aggregate sources. Note that the two WesTrack mixtures were also included, but only as
a general reference. Although they are composed of different gradations (coarse and
fine), the WesTrack mixtures should not compared directly or through statistical means
as they were produced from different aggregates and different binder sources. Therefore,
the WesTrack mixtures have been included in Figure 7.73 as a general observation.
However, since so many factors were changed at one time, the WesTrack mixtures have
been excluded from the further statistical analyses. Further, the qualitative gradation
analysis for the mixtures containing the PG 64-28 binders with the Nevada and Utah

aggregates are presented in Figure 7.74.
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General observations of Figure 7.73 indicate potential differences in the HS between the
two gradations of the California aggregate with the PG 64-22 binder. There are also
differences noted in the WesTrack mixtures, but the two are not a valid comparison as
mentioned previously. It is curious to note the apparent similarity between the
CAL19122 and WT97C22 HS relationships, however these are understood to be more
coincidental than true similarities.

The Utah intermediate and fine mixtures appear to follow generally the same HS
(slope), but have fairly different m values (intercept) in Figure 7.74. The Nevada
mixtures on the other hand appear nearly indiscernible so far as the gradation is
concerned. To identify the significance of these noted deviations the stepwise linear
regression analysis was again conducted on the HS relationships between the respective
mixtures.

Rather than simply including a categorical or dummy variable to test the
significance between the qualitative gradation levels, physical properties measured from
the aggregates themselves were the preferred input variables. The categorical variables
would only show significant differences between the two mixtures being considered by
that analysis, thus making it more of an empirical indication of those particular set of
conditions. However, having common material properties as the differentiation variable
should increase the application of these findings to additional mixtures not particularly
evaluated in this study. Therefore, the HS parameters presented in Figure 7.73 and
Figure 7.74 were analyzed according to the stepwise linear regression analysis to develop
the final regression model for the HS parameters relative to the qualitative gradation

analysis presented in Table 7.27, again omitting the WesTrack mixtures.
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Table 7.27 Statistical Significance of Hardening Susceptibility at 60°C
for Mixtures over Qualitative Gradation

Qualitative Gradation Analysis
Regression Parameter | Coefficient | P-value | Significance
Intercept-m, B3, 9.1022 0.000 Sig.
CAg
N/A N/A NS
(HS, Bl)

BI 1.8823 0.000 Sig.
(CAg)*Abs 0.9638 0.001 Sig.
(CAg)*DP -4.950 0.027 Sig.

(CAg)*CAAT2 0.9802 0.004 Sig.
R* (%) 95.2
Adj. R* (%) 94.2

The regression model provided in Table 7.27, indicates several points to consider. The
first is the lack of significance of the actual HS parameter (CAg). Initially, this seems to
suggest that the LSV is not influenced by changes in the measured CA values, an obvious
error in the interpretation by a general reference to both Figure 7.73 and Figure 7.74.
However, more careful consideration of the developed regression model provides a
strong influence of three interaction terms, all of which provide the overall model with a
direct dependency of the LSV term on the measured CA level. The dependency was
merely found to correlate to additional parameters in the model as well. Those other
parameters generally are direct measures of the aggregate properties (i.e. Abs and the
AIMS CAAT parameter) as well as the combined aggregate and effective binder content

(i.e. DP). Recall that the dust proportion (DP) is the ratio of the percent passing the 75
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um (No. 200) sieve, divided by the effective asphalt binder content (Pbe), thus including
an aggregate measure and a binder quantity measure in one variable.

These results also support the general observations that the HS parameters (HS and
m value) are influenced by both the characteristics of the asphalt binder as well as the

aggregate utilized in a given mixture.

7.4.5 Constant Film Thickness

Additional considerations of the influence of the aggregates on the HS of the extracted
and recovered binders were continued by investigating mixtures with a constant AFT of 9
pum. The 9 um AFT was calculated utilizing the methods outlined in Section 5.1 which
necessarily led to variable asphalt binder contents for each respective aggregate source
following the experimental matrix outlined in Table 5.1 and Table 5.2.

In an effort to single-out and control as many variables as possible to isolate and
examine the effect of the main factors in the experiment, the WesTrack mixtures have
been excluded from the present statistical considerations since both WesTrack binders
were from different sources than the main PG 64-22 and PG 64-28 asphalt binders.
Therefore, in the statistical evaluation presented in this section, the categorical variable
(BI) only differentiates the PG 64-22 (BI=0) from the PG 64-28 (BI=1).

The HS relationships for the mixtures compacted to 7% air void level with
respective binder contents corresponding to the AFT of 9 um are presented in Figure 7.75

and Figure 7.76 for the PG 64-22 and PG 64-28 asphalt binders, respectively.
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General observations of Figure 7.75 presenting the mixtures with the PG 64-22 asphalt
binder note reasonable similarities between the HS relationships with an AFT of 9 um.
There is a general decrease in the HS (slope) noted with decreases in the total asphalt
binder content (Pb) noted with the intermediate gradations of the California, Nevada, and
Colorado, respectively. However, the fine gradation of the California aggregates does
not follow this trend. A similar trend is also observed with the mixtures containing the
PG 64-28 presented in Figure 7.76, however the separation between the mixtures appears
to be more closely related to the m value (intercept) than the HS (slope).

To adequately identify the most influential factors in these noted deviations the
stepwise regression analysis was conducted on all ten mixtures presented in Figure 7.75
and Figure 7.76 collectively. The final form of the regression model from this analysis is
presented in Table 7.28.

Table 7.28 Statistical Significance of Hardening Susceptibility at 60°C
for Mixtures with 9um Apparent Film Thickness

9um Apparent Film Thickness Analysis
Regression Coefficient | P-value | Significance
Parameter
Intercept-m, [ 7.9777 0.000 Sig.
CAg .
4.3415 0.000 Sig.
(HS. B) ¢
BI 2.5973 0.000 Sig.
DP 0.8498 0.010 Sig.
(CAg)*BI -2.7191 0.000 Sig.
R? (%) 92.3
Adj. R? (%) 91.4
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The stepwise regression analysis indicated that in addition to the main effects (i.e. the m
value, By and the HS, f;), the binder type was significantly influential to both the slope
and the intercept, as was expected by the previous general observations. The DP was
also found to decipher between the aggregate sources better than any of the other
evaluated input parameters. While the adjusted coefficient of determination was not
overly high (0.91), it was considered sufficient given that at least one of the mixtures
alone had an R* of that same level.

Therefore, as an overall summary of the HS of the mixtures with the constant film
thickness of 9 um, the binder grade and the influence of the interaction of the effective
binder content and the aggregate fines portion (i.e. DP) were found influential to the HS

relationship of the binder extracted and recovered from those respective mixtures.

7.4.6 Mixture Aging Temperature

Similar to the noted discrepancies with the pan-aged HS relationships between binders
aged at 60 and 85°C, a similar evaluation of the aging temperature on the HS of mixture-
aged binders was also conducted. Following the respective aging duration of 0.5, 1, or 3
months in the 85°C ovens, the specimens were removed from the ovens, cooled and
trimmed to the correct geometry for mixture testing, either E* or UTSST. Following the
mixture testing, the binder from the E* specimens was extracted and recovered to be
tested for CA measures on the FT-IR and rheological measures with the DSR.

Due to the significant amount of resources required to age additional mixtures, only

two mixtures (California and Nevada) were selected for the 85°C aging. However, each
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of the mixtures was aged with all three levels of air voids (i.e. 4, 7, and 11%) over each
of the respective durations (0.5, 1, and 3 months). This permitted the calculation of the
CA growth and rheological comparisons previously discussed, but also enabled the
consideration HS relationship as a function of temperature for later comparison to the
pan-aged binders.

Therefore, Figure 7.77 and Figure 7.78 present the HS relationships determined on
the extracted and recovered binders from the California with the PG 64-22 and the
Nevada aggregates with the PG 64-28 asphalt binder including all three air void levels at

both 60 and 85°C, respectively.
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General observations of both Figure 7.77 and Figure 7.78 indicate a potential change in
the HS relationship due to the temperature of the oven over the respective aging durations
applied to the mixtures. In general, a trend very similar to pan-aged asphalt binders was
observed generally indicating a noticeable increase in the HS parameter (slope) with the
increase in the temperate during oxidation with both mixtures including both asphalt
binders. By similar observations, the m value (intercept) also appears to be influence by
temperature of the mixture aging. Interestingly enough, the intercept appears to decrease
with increased aging temperature while the slope was noted to increase with temperature.
The stepwise transformed linear regression analysis was also preformed to
statistically differentiate these noted observations with a summary of final model

presented in Table 7.29.
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Table 7.29 Statistical Significance Hardening Susceptibility at 60 and
85°C for Mixtures with 9um Apparent Film Thickness

CALI19122 7.44 60 & 85°C NV19128 5.22 60 & 85°C
Regression Coefficient | 1 Significance | Coefficient p- Significance

Parameter value value

Intercept-m, o 11.6850 | 0.000 Sig. 18.6842 0.000 Sig.

CAg .

2.0450 0.280 NS -6.187 0.000 Sig.

(HS. B)) ¢

Temp. -0.0525 0.003 Sig. -0.1204 0.000 Sig.

(CAg)*Temp. 0.0539 0.039 Sig. 0.1323 0.000 Sig.
R (%) 96.2 98.2
Adj. R* (%) 95.6 97.9

The statistical evaluation summarized in Table 7.29 indicates that the aging temperature
was influential to the measures HS relationships from the mixture-aged binders. With
both of the evaluated mixtures, the HS (slope) and the m value (intercept) were found to
be statistically influenced by the differences in aging temperature.

It should be noted that the air void level was also found to be statistically influential
with the HS measures over the two aging temperatures with the Nevada mixtures.
However, removing the Va parameter from the analysis only reduced the overall R? by
0.5%, both of which were above the R? of the California mixture with the same analysis.
To remain consistent throughout all the air void analyses with the mixture-aged binders,

the Va term has been omitted while retaining acceptable HS relationships.
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7.4.7 Summary of Mixture-Aged Asphalt Binder Hardening Susceptibility

In summary, this section has provided evidence that the hardening susceptibility
relationships of the mixture-aged asphalt binder have been influenced by the aggregate
and mixture parameters with which they were aged.

Specifically, in nearly all the evaluations, the air void level was found to have an
insignificant influence on the HS relationship of the extracted and recovered asphalt
binders. The one exception was the NV19128 5.22 mixtures when compared at 60 and
85°C aging temperature. However, omission of the air void level in this particular
analysis still provided a very acceptable regression relationship (i.e. Adj. R* of 97.9%),
thus the analysis continued without Va as an input parameter.

Additional considerations of the mixture variables indicated that the asphalt binder
grade (e.g. polymer modified or unmodified) was significantly influential to the HS
relationships overall. This occurrence was noted with both slope (e.g. HS) and the
intercept (m value) of the respective relationships.

Further, the influence of the gradation and aggregate properties were found to be
influential to the HS parameters and indicated the aggregate absorption (Abs), dust
proportion (DP), and AIMS measurement combining the coarse aggregate angularity and
texture measurements (CAAT) were adequate in describing these influences.

The aging temperature was also found to be influential to the HS measurements
over the range of evaluated air void levels with both the modified PG 64-28 and the

unmodified PG 64-22 binders with two evaluated mixtures.



370

A summary of the statistical evaluations conducted on the HS parameters has been

provided in Table 7.30 including references to the particular sections presenting more

specific information on those evaluations.

Table 7.30 Summary of Influential Mixture Factors on Hardening

Susceptibility Relationships

Hardening .
In!)ut m value Susceptibility Analysis
Variable | (Intercept) Reference
(slope)
Abs NS Sig. 7.4.5
DP Sig. Sig. 7.4.5,7.4.6
CAAT NS Sig. 7.4.5
BI Sig. Sig. 7'4';"’4764'5’
Va NS NS 7.4.3
Temp. Sig. Sig. 7.4.6

Overall, the influence of the aggregate and mixture properties were both observed to be

significantly influential to the HS relationships of the mixture-aged asphalt binders

observed in this evaluation.

7.5 Asphalt Binder-Aggregate Interaction

In addition to the physical property measurements, i.e. dynamic shear modulus, and the

chemical characterization, i.e. FT-IR determinations of the chemical functional groups,

the previous findings have suggested complex interactions between the aggregate sources

and the asphalt binder included in this analysis. As a result, efforts to quantify these

complicated physiochemical interactions became a useful endeavor. The quantification
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of these interactions were determined by the combined effects of the binder adhesion to
the aggregate surface, with secondary influences from the asphalt binder molecular
weight and relative levels of polarity in the modified SARA analysis conducted at WRI.

Although discussed in further detail previously, the method essentially dissolves a
known amount of asphalt binder in a relatively weak solvent, cyclohexane. The solution
is then introduced to saturate a column of fine aggregate, i.e. passing the 0.60 mm (No.
30) and retained on the 0.30 mm (No. 50) sieve in this case. In this solution the asphalt
binder is higher mobile permitting the most polar molecules of the asphalt binder to
chemically adhere to the aggregate as the interaction chemistry would dictate. Upon
removal of the solution, the relatively less and non-polar fractions of the binder are
flushed out of the column. The fraction of binder that was removed in this step is
somewhat analogous to the saturates and aromatic fractions in the ASTM standard
D4124, after which this testing was modeled (ASTM, 2010).

Purging the system with a stronger solvent, toluene, then removed the asphalt
binder fraction that had a midrange chemical bond with the packed aggregate column.
This fraction would be somewhat analogous to the resin fraction determined in ASTM
D4124 (ASTM, 2010).

One final purge with the strongest solvent, a 50:50 blend of toluene and methanol,
essentially removes remainder of the asphalt binder from the column. This fraction then
represents the asphaltenes component defined specifically as the most polar and thus the
component exhibiting the strongest adhesion to the aggregate.

Each of the three fractions was then evaporated to remove their respective solvents

and the weight determined the relative percentage of each fraction. To be specific, the
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fractions determined in this manner do not necessarily correspond to the defined fractions
found in ASTM D4124 (ASTM, 2010). Clearly, the expected influence of the interaction
between the asphalt binder and the aggregate column would cause noted variations in the
relative quantity of the fractions defined during this testing. Thereby, necessitating
deviation from defined terms of saturates, aromatics, resins, and asphaltenes as defined in
ASTM D4124 (ASTM, 2010).

This characterization was investigated on an exploratory basis with the Nevada and
California aggregates combined with both the PG 64-22 and PG 64-28 asphalt binders.
The Texas AGC 0002 aggregate was also evaluated, but with the relevant Venezuelan BI
0001 PG67-22 asphalt binder.  Figure 7.79 through Figure 7.81 present the
chromatograms of retention peaks with respect to the UV measures at the 450 nm
wavelength conducted during the test procedure for each of the respective asphalt binder-
aggregate pairs tested in this fashion. The UV absorbance is measured on the eluted
solution flowing out of packed column to aid in the verification of the removal of each
respective binder fraction.

A summary of the retained mass of each respective binder fraction for each of the
measures is included in Table 7.31, except for the Texas aggregate, which was only
evaluated by the peak height. Table 7.31 also includes an estimation of the different
fractions based upon the relative peak heights of each binder fraction. Specifically, these
percentages were calculated as a percentage of the summation of all three peak heights,
two in the case of the BI1 and Texas aggregate measure. Figure 7.82 presents a visual
representation of the same information to more clearly show the relative differences

between the measurements both between the asphalt binders and the aggregate sources.
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Table 7.31 Modified SARA Analysis of Select Asphalt Binders

4500

Asphalt | Asphalt Binder Fractions, Asphalt Binder Fractions,
Aggregate Binder Percent by Mass Percent by UV Peak Height
Source ID 2nd Hnd 3rd
Aggregate | Asphalt | 1* Fraction, | Fraction, | 1% Fraction, . .
. Fraction, | Fraction,
Source Binder | Cyclohexane | Toluene — | Cyclohexane Toluene | Tol/Meth
ID Tol./Meth. ) )
California PG64-22 84 16 63 36 1
Intermediate | pGe4-28 85 15 66 16 18
Nevada PG64-22 96 4 85 11 4
Intermediate | pGe4-28 96 4 88 9 3
BI 0001 a a
Texas PG67-22 N/A N/A 89 11 0

a — Mass fractions were not determined for the Texas aggregate measurements.
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Figure 7.82 Summary of Retention Peaks for Exploratory Asphalt-
Aggregate Blends
Initial observations of Table 7.31 when considering only the California aggregate source,
suggest that the interaction between the PG 64-22 and PG 64-28 binders with the
California aggregate are nearly identical based upon the calculated mass percentages.
However, further observations of Figure 7.79 and Figure 7.82 suggest quite a different
behavior between these materials. While the total percentage of the mass may be similar
between the PG 64-22 and PG 64-28 measures, the distribution of the eluted material
between the toluene wash and the toluene:methanol blend are expected to be quite
different. Assuming the peak height is an acceptable representation of the eluted mass of
binder, in actuality it likely is a representation of the concentration of the asphalt binder
in solution, which can be expected to correlate to the mass, then there appears to be a

large difference in the adhesion between the second and third peaks. Interpretation of the
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second peak as mild to moderate adhesion of the binder to the aggregate, and considering
the third peak as strongly adhered material, presents a fair distinct difference between the
two binders when combined with the California aggregates. If this interpretation is
correct, then the expectation is that the PG 64-28 binder should be expected to exhibit a
much stronger bond with the aggregate which may influence oxidation characteristics of
the combined mixture. If this noted difference does now follow the mixture oxidation
measures and the two binders behave in a similar fashion upon aging, this may possibly
suggest that the mild to moderate adhesion is sufficiently strong to influence the
oxidation of the asphalt binder within a given mixture.

Consideration of the Nevada aggregates in Figure 7.81 and the information
provided in Table 7.31 led to fairly different results from the California aggregate source.
These measures suggested that the interaction between the Nevada aggregates and the PG
64-22 and the PG 64-28 asphalt binders utilized in this study are fairly similar to each
other. This does not limit the value of the information, since there are marked differences
between both binders mixed with the Nevada aggregates and the noted differences with
the California aggregates. These noted variations will be considered at length in the
respective sections devoted to the comparison of the pan-aged and mixture-aged asphalt
binders.

As a matter of completeness, observation of the BI 0001 binder combined with the
Texas aggregate seem to present similar adhesion properties as the Nevada aggregates,
with the exception of the third peak with the BI1/TX blend. This finding presents a
rather expected result, suggesting by the lack of a strongly adhered binder fraction that

the calcareous nature of the Texas limestone does not possess the strong attraction of the
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siliceous material noted with the other two aggregate blends. As such, the influence of
the potential effect of only the mild to moderate interactions may be examined to further

differentiate the effect of the stronger interactions noted with the siliceous materials.

7.6  Sulfur Content of Asphalt Binder

The sulfur content of the asphalt binders used for the majority of this investigation, i.e.
PG 64-22 and PG 64-28, were determined on original or tank binders samples by
Wyoming Analytical Laboratories, Inc. of Laramie, Wyoming according to ASTM
D2622 which is the Standard Test Method for Sulfur in Petroleum Products by
Wavelength Dispersive X-ray Fluorescence Spectrometry. Details of the method are left
to the published standard test method. The results of the measures are presented in Table
7.32 for the PG 64-22 and PG 64-28 asphalt binders utilized for a significant portion of
this evaluation.

Table 7.32 Sulfur Content of Select Asphalt Binders

. ARC Total Sulfur,

Asphalt Binder ID | ) 1 ase ID % by weight
PG 64-22 BI 0052 3.94
PG 64-28 BI 0051 3.85

These measurements were conducted from a reference standpoint, to assure that the
majority of the kinetics measurements were not significantly influenced by the total
sulfur content of the asphalt binders, which would present a significant stiffening of the

binders as a function of sulfoxide growth. The generally accepted level to determine
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significant influence on the rheological and kinetics measures has been stated to be closer
to 5 or 6% of the binder weight (Robertson et al., 2006).

Given that both of these measured asphalt binders are at least one percent below
that level, it has been generally assumed that the utilized carbonyl measurements
satisfactorily describe the oxidation process in this investigation and the sulfoxide growth

may appropriately be neglected.
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8 INFLUENCE OF MIXTURE CHARACTERISTICS ON ASPHALT

BINDER AGING

The previous chapter established measurements of the binder oxidation, physical
properties (i.e. theology), and their combined properties (i.e. HS parameters) for both pan
and mixture-aged binders. Previous analyses contrasted the different responses between
the respective aging conditions of the materials (i.e. mixture-aged or pan-aged binders).
Those results will now be considered to explore the differing effects of the mixture aging
as compared to the aging conducted in the laboratory pans. The following sections will
present the influence of the aggregate and mixture characteristics on the oxidation and
HS parameters as those have been identified to have the most significant influence on

oxidation modeling efforts described in chapter 3.

8.1 Oxidation Kinetics of Pan-Aged and Mixture-Aged Binders

Comparisons of the oxidation growth between the pan-aged and mixture-aged binders
were considered initially with the aging temperature held constant. Since each of the
respective aging conditions (i.e. pan-aged and mixture-aged) utilized the 60°C aging
temperature over different durations, the analysis will initially consider those
measurements. The oxidation (i.e. CA) measurements are presented in Figure 8.1 and

Figure 8.3 for the pan and mixture-aged PG 64-22 and PG 64-28 binders, respectively.
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Considering the rate of aging represented as the slope of the CAg measures as a function
of time for the pan-aged PG 64-22 binder compared to the other aging rates of the same
binder aged in the mixtures in Figure 8.1, it is clear that the rate of aging was reduced in
the mixture-aged binder for the same 60°C aging temperature. Although the overall
oxidation measurement (magnitude of CAg) may be relatively similar, the slope of the
pan-aged binder was clearly higher than the mixture-aged binders regardless of the
aggregate used or the binder content of the mixture.

By simple observation and consideration of the slope of the fitted trend lines the
mixture with the slope closest to the pan-aged binder was the CAL19F22 which also had
the highest asphalt content (i.e. 9.14% TWM). However, the other mixtures presented in
Figure 8.1 were not systematically ranked according to the binder content.

The two WesTrack binders and two mixtures presented in Figure 8.2 also indicate a
noticeable increase in the rate of oxidation with the pan-aged binder compared to those of
the mixture-aged binders. The magnitude of the measured CA values are notably
different, with the CA measures of the pan-aged binders plotting below the mixture-aged
binders for the WT95 and the opposite noted for the WT97, again with both aged at
60°C.

These measures indicated that unmodified binders aged in mixtures with the 9 pm
AFT, the mixture-aged CA growth was lower (i.e. occurred at a slower rate) than the
comparative pan-aged binders at the same 60°C. Consideration of the SBS modified
materials, again with the 9 um AFT mixture-aged and the pan-aged binders aged at 60°C

are presented in Figure 8.3.
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Figure 8.3 Pan-Aged and Mixture-Aged Oxidation Measurements of
the PG 64-28 Binder Aged at 60°C
Comparison of the modified binders in Figure 8.3 indicates a different conclusion from
the previous consideration of the unmodified binders. With the SBS modified materials,
the rate of the oxidation is nearly the same for the pan and mixture-aged binders. In fact
most of the mixture-aged materials numerically present a slightly faster oxidation rate
compared to the pan-aged binder at 60°C. Figure 8.3 also presents the oxidation rate of
the Base Stock binder used to produce all the SBS modified PG 64-28 binders shown in
the figure. The Base Stock binder exhibited the highest rate of oxidation among the
binders presented in this figure. This finding suggests that the influence of the aggregate
and/or mixture characteristics resulted in a reduction of the oxidation rate as did the

polymer modification of this particular asphalt binder. This may not be the case for every
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asphalt binder and polymer combination, but the same trend also occurred with the 3%

SBS added to the PG 64-22 binder by referencing Figure 7.4 of the previous chapter.

Statistical differentiation of these measures was not conducted since these measures

lend directly to the kinetics parameters E, and AP of the kinetics relationships presented

previously as Equation 7.1. In order to develop these full relationships, the aging must be

conducted over multiple temperatures (i.e. a minimum of two).

Therefore, initial

considerations of this type will be considered with the California and Nevada mixtures as

they were aged at both 60 and 85°C as presented in Figure 8.4 and Figure 8.5,

respectively.
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64-22 Binder Aged at 60 and 85°C



384

0.1000 ——— === ==
SR ly =2.18E+10e R 1.61E+09¢-7-00E+01x
. oy =4 €
Eﬁ‘\\ | R2=9.99E-01
e e e e o 743E+01x
=3 Iy = 5.03E+ 100 sk W 8 TIEX08e T
= 5*1;\ :_ R2=9.96E-01 I |y = 1.25E+08e 0]
0.0100 \“—\ \‘~ ----------
-
~ ~ \‘ .
.é) =~ \\s\
P ~ISS
< g .
~
<0.0010 S~ISal
A Base Stock A PG64-28 Sso
A NVIOI28 5.22 4% A NVIORS 522 7%
A NVI9I28 522 11% — - Expon. (Base Stock)
= == Expon. (PG64-28) — = Expon. (NV19128 5.22 4%)
0.0001 Expon. (NV19128 5.22 7%) Expon. (NV19128 5.22 11%)
0.32 0.33 0.34 0.35 0.36 0.37 0.38
1/(RT), mol/kJ

Figure 8.5 Pan-Aged and Mixture-Aged Oxidation Kinetics of the PG
64-28 Binder Aged at 60 and 85°C

By adding the mixture-aged kinetics determination to those of the corresponding pan-
aged binders presented in Figure 7.4 and Figure 7.5, the present comparisons indicate a
clear differentiation between the mixture-aged and pan-aged binders. Specifically, the
measurements of the pan-aged materials with both the PG 64-22 and the PG 64-28
binders exhibit higher rates of oxidation at the measured aging temperatures noted by the
k. term which is equivalent to the 14 term noted in Equation 7.1.

More detailed observations note the consistent decrease in the slope (E,) and the
intercept (AP%) of the mixture-aged binders compared to the corresponding pan-aged
binders. Further, there is a systematic decrease in the AP* term with increased air void
level of the mixture-aged binders for both asphalt binders. The Nevada mixtures
containing the PG 64-28 binder also has a systematic decrease in the E, term with

increases in the air void level. However, this same trend was not numerically present
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with California mixtures containing the PG 64-22 asphalt binder, though they are
relatively close to one another.

It is also worth mentioning that the mixture-aged measurements only included two
aging temperatures as opposed to the four temperatures utilized to produce the pan-aged
binder kinetics parameters. This is not to suggest the mixture-aged data are not valid, but
to highlight the fact that the slight variations in the mixture-aged relationships may be
significantly influenced by slight variation in a single measured data point. Whereas, the
pan-aged binder relationships are not as sensitive being developed from four aging
temperatures. However, the trends still exhibit a clear differentiation between the
oxidation kinetics parameters (i.e. E, and AP%) of the mixture-aged and pan-aged asphalt
binders.

To summarize, these findings indicate that the oxidation kinetics parameters (i.e. E,
and AP%) which would represent a significant input into the oxidation prediction
modelling are reduced by the influence of aggregate and mixture characteristics with both
the unmodified PG 64-22 and the SBS modified PG 64-28 asphalt binders based upon the
selected mixtures evaluated here.

To further analyze this occurrence, reference is made to Figure 7.10, which
presented the relationship between the kinetics parameters (i.e. E, and AP%) of the fifteen
pan-aged binders included in this investigate. This relationship between the kinetics
parameters is summarized in Figure 8.6, which also includes the mixture-aged kinetics
parameters from the California and Nevada mixtures for comparative purposes. This
figure has also highlighted which of the previous fifteen data pint correspond to the

asphalt binders being evaluation with the mixture kinetics measurements.
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Figure 8.6 Pan-Aged and Mixture-Aged Oxidation Kinetics

Observation of the kinetics parameters from the perspective given in Figure 8.6, clearly
indicates the differences between the mixture-aged and pan-aged asphalt binders.
Although they still generally follow the same overall relationship, the relative position
along that relationship has been affected with the mixture-aged binders. For instance,
considering the pan-aged PG 64-28 located in the far upper right of the plot, in contract to
the mixture-aged measures with the Nevada aggregates, which are more centrally located
on the plot, clearly show the influence of the either aggregate or mixture characteristics.
In fact, the air void level also exhibits a systemic variation in the kinetics parameters with
the 11% Va measures being the closest to the pan-aged measures followed by the 7% and
finally the 4% Va measures.

Similar observations are noted among the California mixtures with the PG 64-22

binder, although the ordering of the air void levels are not as clear as was noted in the
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previous Figure 8.4 as well. Nevertheless, there is a definite separation between the
location of the pan-aged PG 64-22 binder and the mixture-aged CAL19122 7.44
measurements along the kinetics parameter relationship developed through this

investigation and others (Glover and Cui, 2013).

8.2 Temperature Dependency of Hardening Susceptibility

With the oxidation kinetics parameters being the first material specific input into the
oxidation modeling procedure described in chapter 3, the second material input to
consider is logically the hardening susceptibilities (HS) of the mixture-aged and pan-aged
asphalt binders. Being that the HS parameters are determined by the relationship
between the oxidation and rheological measures, these considerations incorporate
influences from both of those parameters into one combined relationship.

Since only the California and Nevada mixtures were aged at more than one
temperature, the influence of the aging temperature on the HS parameters will be
considered only on those mixtures. Previous discussions in sections 7.1.6 and 7.4.6 noted
significant differences between the HS parameters of certain binders aged at 60 and 85°C.
Thus, the relative comparisons of the California and Nevada mixture-aged and
corresponding pan-aged PG 64-22 and PG 64-28 binders were considered by combining

all three air void levels for each mixture in Figure 8.7 and Figure 8.8, respectively
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Examination of the PG 64-22 binder of Figure 8.7 shows the relative insensitivity of the
unmodified binder to the aging temperature (i.e. the influence is not drastic). However,
reference to Figure 7.27 and Figure 7.77, the PG 64-22 binder does show some degree of
dependency on the aging temperature with the unmodified binder. Comparison of both
the mixture-aged and pan-aged binders suggests that a very similar influence of the aging
temperature is noted with the mixture-aged binder measures as well. The difference is
clearly presented as an increase in the HS measurement itself (exponential term) with
aging temperature for both the mixture-aged and pan-aged relationships.

Similar considerations of the Nevada mixtures with the PG 64-28 binder in Figure
8.8, present very similar but more profound differences between the aging temperatures.
The relative increase in the temperature dependency of the modified binder noted
previously in Figure 7.28 and Figure 7.78, was also observed in the measurements of the
mixture-aged binders from the Nevada mixtures. In addition, it is interesting to note the
general similarities between the HS measurements (i.e. slope) of the mixture-aged and
pan-aged binders.

In summary, both asphalt binders exhibit marked differences in the HS relationships
between different aging temperatures with the extent of the difference being binder
dependent. This was noted with both the pan-aged as well as the mixture-aged asphalt

binders.
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8.3 Hardening Susceptibility of Pan-Aged and Mixture-Aged Binders

In addition to the California and Nevada mixtures aged at two temperatures, the majority
of the mixtures were aged at 60°C for the appropriate durations. To provide a summary
of these considerations, the HS of the mixtures aged at 60°C with the calculated 9 pm
AFT are presented in Figure 8.9 through Figure 8.11, with respect to the different asphalt
binder grades, which were also included. Thus, Figure 8.9 presents the HS of the PG 64-
22 binder and the relevant mixtures that contain that particular asphalt binder. Figure
8.10 presents the pan-aged and mixture-aged HS relationships for the WesTrack binders.
Figure 8.11 present the relevant mixture-aged and pan-aged measures for the PG 64-28

asphalt binder as well as its Base Stock binder.
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The HS relationships found in Figure 8.9 suggest that there was a larger variation in the
HS parameters between the mixture-aged binders than for the same binder aged in the
pan and in the mixture. The variability of the mixture-aged HS relationships has already
been discussed in section 7.4, but generally found that the observed variability can
statistically be explained with a combination of the aggregate (i.e. absorption and
CAAT), mixture (i.e. dust proportion), and binder grade (i.e. the categorical BI factor).

In general, the HS measurements of the pan-aged binder considered here are
generally thought to fit within the range of mixture-aged binders. However, no valid
statistical evaluation was conducted since the variation in the mixture measurements has
already been statistically explained, thus any significant parameter observed between the
pan and mixture-aged binders would essentially be a categorical or dummy variable, and
thus viewed with limited practical significance. Essentially, any mixture variable used to
describe the difference between the two aging systems could provide a value for the
mixtures (i.e. absorption, film thickness, dust proportion, air voids, etc.) would by
necessity either be a value of zero or unity for the pan-aged binders. This occurrence
essentially reduces each of those input parameters from a continuous input variable to a
less practical categorical or dummy variable which is not overly useful in this evaluation.

Similar consideration of additional unmodified binders utilized in the WesTrack
project are considered in the Figure 8.10 for both the 1995 and 1997 materials aged both
in pans and in their respective mixtures. The WT95F22 mixtures were only aged with
7% air voids, while the WT97C22 mixtures included all three air void levels (i.e. 4, 7,
and 11%). Further, both mixtures were prepared at binder contents used in the field, but

also with nearly the same AFT of 9 um.
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Figure 8.10 Hardening Susceptibility Relationships for Pan-Aged and
Mixtures-Aged WesTrack Binders
Observation of the pan-aged and mixture-aged WesTrack binders from 1995 generally
support the findings of the PG 64-22 binder previously by exhibiting nearly the same
slope with the mixture-aged and pan-aged binder measurements. Even though the HS
(slope) is nearly the same the m-value (intercept) was noted to be substantially different
between the aging conditions. Further consideration of these binders highlighted the
significant increase in the variability of the pan-aged WT95F22 binders indicated by the
comparatively lower R” near 0.73. Reference to Figure 7.29 indicated the high level of
sensitivity of the HS measures with both of the WesTrack pan-aged binders, but
especially the HS of the WT95-22 binder aged at 85°C. This increased level of

temperature dependency is understood to directly influence the overall variability of the
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pan-aged HS for the binder due to the fact that the HS of all four aging temperatures are
combined for the final HS of the binder. Quite similar observations are noted with the
pan-aged WT97-22 HS measures which exhibited an even lower R? of less than 0.65.
The slopes of the HS parameters of the mixture-aged and pan-aged WesTrack 1997
binders are noticeably different. However, such generalizations between the aging
conditions should be viewed with caution due to the drastic differences between the
variability of the measured HS values. In spite of these precautions, the HS of the
mixture-aged binder were numerically reduced compared to the pan-aged binder for both
WesTrack materials.

The comparison of the HS parameters is continued with the mixture-aged PG 64-28
and associated pan-aged PG 64-28 and the corresponding Base Stock binder in Figure

8.11.
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Figure 8.11 Hardening Susceptibility Relationships for Pan-Aged and
Mixtures-Aged PG 64-28 and Base Stock Binder

Somewhat unlike the kinetics parameters presented in Figure 8.3, the HS parameters of
the mixture-aged and pan-aged binder are notably different with the PG 64-28 binders.
The HS of the pan-aged PG 64-28 more closely matched that of the Base Stock binder,
however the Base Stock exhibited the highest HS measurement shown in the figure.
However, there is also a clear difference between the HS of the mixture-aged and pan-
aged PG 64-28 asphalt binders.

Similar to previous considerations with the PG 64-22 binder, the variations in the
mixture-aged HS measures has been discussed in section 7.4. Similar to the WesTrack
binders, there is a noted increase in the variability of the pan-aged PG 64-28 asphalt

binder represented by the R* value slightly higher than 0.81. In very much the same



395

manner as the WesTrack binders, some portion of this variation is attributed to the
temperature dependency of the HS measures as presented in Figure 7.25 and Figure 7.28.
However, the differences in the HS of the Base Stock, pan-aged PG 64-28, and the
mixture-aged PG 64-28 asphalt binders are fairly distinct in spite of the differences in the
overall variability.

Thus, an overall assessment of the comparison of the pan-aged and mixture-aged
binders has determined the comparison to be inconsistent overall. Similarities were noted
with the unmodified PG 64-22 binder, but noted differences were also observed with
other unmodified binders (i.e. WesTrack). Additional deviations were also noted
between the pan-aged and mixture-aged HS parameters with the modified PG 64-28
asphalt binder, including comparisons with the accompanying Base Stock asphalt binder.

As a result of these findings, efforts to clearly differentiate the significance of these
parameters in relation to one another have led to consideration of the relationship
between the HS and m parameters, similar to the relationship noted between the kinetics
parameters (i.e. E;, and AP%) in section 8.1. Thus, Figure 8.12 presents the m value
(intercept) and measured HS (slope) of all 15 pan-aged binders and 21 of the mixture-
aged binder relationships collectively. Recognizing that Figure 8.12 presents a large
number of data points in a limited space, the overall trend will be established followed by

more detailed considerations based upon the abbreviated figures that follow.
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Figure 8.12 Hardening Susceptibility Relationships for the Pan-Aged
and Mixture-Aged Asphalt Binders

Initial observations of Figure 8.12 indicate a fairly reliable relationship between the HS
and m parameters considering the 36 total data points, which are each composed of three
to twelve individual measurements and still resulting in an overall R* of nearly 0.92.
Further observations of the figure indicate that there are general groupings of the
data as a whole. In general the unmodified binders tend to be in the upper left of the
relationship, while the polymer modified binders tend to occupy the lower right. This

follows the general observation that the unmodified binders had a tendency to age at a
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faster rate and exhibited a higher HS (slope) than the modified binders. Additionally, the
pan-aged measurements were also typically noted to appear higher and to the left from
the mixture-aged measures for most binders. More careful considerations of these
observations will be conducted with the more focused relationships found in Figure 8.13
though Figure 8.15.

One observation to note is the couple of points on the far left that have negative m
values (i.e. have an intercept below zero). Physically, this would indicate that the
measured low shear viscosity (17,) was negative at a CA measure of zero. Obviously, this
is contrary to the logical understanding of viscosity. However, the m value is actually
fitted to the data in log scale (i.e. the data are fitted as e™) which is then calculated to a
value of m = Ine™. Therefore, any e™ less than unity will yield a negative calculated m
value. In addition, the measured CA value of zero does not physically have a practical
meaning. Given the close proximity of the carbon double bond (i.e. C=C at 1,600 cm™)
to the carbonyl functional group (i.e. C=O at approximately 1,690 to 1,700 cm™), it is
logically not expected that the measured CA values would produce a value of zero.
Therefore, these measures are viewed as defining values used to quantify the relationship
in the more practical regions as noted in Figure 8.12.

To further investigate the relationship observed in Figure 8.12, the significance of
each parameter will be considered by generalizing the relationship between HS and m as
presented in Equation 8.1. Rearranging the referenced Equation 7.4 and Equation 7.10
enable the basic Equation 3.72 to be produced, which may be rearranged to same format
as Equation 8.1 as presented in Equation 8.3, which further yields the descriptors

presented in Equation 8.4 and Equation 8.5.
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HS = Am +B Equation 8.1

Inng = HS(CA) +m

Equation 8.2
_Innpg—-m Inn; m
HS = CA ~ CA CA Equation 8.3
where, 7 - low shear viscosity of the asphalt binder, Poise;
HS - hardening susceptibility, with g in Poise;
CA -  carbonyl area, arbitrary units - unit less;
m - intercept of log 1, and CA relationship, with n; in Poise.
1
A= CA Equation 8.4
_Inng
b= CA Equation 8.5

Practical application of this type of equation would generally suggest that multiple levels
of CA and Inng be utilized to fully observe the rate of change in these parameters (e.g. of
CAg and associated 7;). Caution is advised in the un-restricted application of this
relationship on HS measures due to the strict design of aging conditions of the binders
used in the development of this relationship. Specifically, the aging temperatures and
durations upon which this relationship was based were intentionally selected to assure the
measured kinetics would be operating in the constant rate region (i.e. k. and r-4) as
opposed to any of the fast rate or initial jump behaviors. At this point, it is unknown how
universal the relationship may be or whether short term aging conditions (e.g. RTFO,
PAV, or other shorter duration conditions) may produce sufficient HS relationships or if

the constant rate kinetics conditions must be maintained. Until those aspects have been
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further assessed, caution is advised in regards to the global application of this type of
relationship between the HS and m parameters.

However, based upon the noted relationship between the HS and m values, more
specific evaluations will proceed based upon the overall combined relationship developed
in Figure 8.12, but with limited additional data points included in a systematic
evaluations of specific sets of measures to be compared relatively. Therefore, Figure
8.13 considers the same overall relationship highlighting the PG 64-22 mixture-aged and

pan-aged binders.
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Figure 8.13 Hardening Susceptibility Relationships for the Pan-Aged
and Mixture-Aged PG 64-22 Asphalt Binders
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In the summarized view of Figure 8.13, the separation between the pan and mixture-aged
binders has become more prevalent. In general, comparisons of the unmodified pan-aged
binders (i.e. hollow blue squares) are generally concentrated higher and to the left
compared to the individual mixture-aged binders. In this figure, the unmodified pan-aged
binders are all of the unmodified binders included in this study. Certain specific binders
that fall into this category (e.g. PG 64-22) have been specifically identified for direct
comparisons, while the rest have remained part of the group as a whole for simplicity.
Specifically, each of the mixture-aged binders are lower and to the right of both the PG
64-22 as well as nearly all of the other pan-aged unmodified binders. The only exception
was the CAL19122 mixture aged at 85°C, which was slightly offset from the remainder of
the plot, but was generally located among the pan-aged binder values. To be clear, the
pan-aged binder values were based upon the combined HS parameters from all four aging
temperatures (i.e. 50, 60, 85, and 100°C).

Additional comparisons of the WesTrack binders along with the unmodified

Moana2?2 binders are considered in Figure 8.14.
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Figure 8.14 Hardening Susceptibility for the Pan-Aged and Mixture-
Aged WesTrack, Moana Lane, and Sparks Blvd. Asphalt Binders
General observations of Figure 8.14 typically follow the same systematic variation of the
HS and m relationship of the PG 64-22 binder noted previously. For most of the binders
in the figure, the mixture-aged binders plot lower and to the right of the corresponding
pan-aged binders with the exception being the Moana22 materials. The Moana22 pan-
aged binders are substantially lower and further to the right than the mixture-aged binder
from the same source. It is unknown whether or not the extraction and recovery of these
binders prior to the pan-aging process influenced this behavior, but it is something to

consider. The HS parameters for the WT95 pan-aged and mixture-aged binders are fairly
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close to each other, while the parameters of the WT97 binder are fairly well separated as
was noted in the other PG 64-22 comparisons.

Overall, the unmodified binders (i.e. those of Figure 8.13 and Figure 8.14) generally
follow the overall fit of the HS and m relationship developed with all the binders from
Figure 8.12. All of the pan-aged binders except the Moana2?2 typically exhibited higher
measured HS values and correspondingly lower m values compared to the mixture-aged
binders for the unmodified binders considered thus far in the analysis.

Further comparisons of the PG 64-28, modified pan-aged, Moana28, and Sparks28

binders are presented in the following Figure 8.15.
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Figure 8.15 Hardening Susceptibility Relationships for the Pan-Aged
and Mixture-Aged PG 64-28 Asphalt Binders
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The modified binders presented in Figure 8.15 generally follow the same trends noted
with the other asphalt binders with the exception being the Moana28 binders. The
majority of the binders in the figure are graded to be PG 64-28. However, the Moana
Lane and Sparks Blvd. binders are from a different chronological timeframe and thus
have the potential to be from different crude sources. Aside from the Moana28 binders,
the HS values of the modified pan-aged binders generally are higher and thus exhibit
lower m values than the corresponding mixture-aged binders.

Further, the unmodified Base Stock binder also followed the previously noted shift
to higher levels of the measured HS compared to the modified and pan-aged PG 64-28
binder. Similar to the PG 64-22 binder considerations, the HS of the 85°C aged
NV19128 5.22 binder exhibited a higher HS and lower m value than the pan-aged PG 64-

28, while they all relatively follow the overall relationship developed from Figure 8.12.

8.4 Summary of Mixture-Aged and Pan-Aged Binder Oxidation Parameters

General conclusions of the comparisons between the pan-aged binders and the binder
aged in different mixtures clearly show a distinct difference between the rate of oxidation
for most binders, but not always with the PG 64-28. It was also observed that the
polymer modification of a particular asphalt binder tended to reduce the oxidation rate in
a similar fashion.

The comparison of the hardening susceptibility (HS) parameters between the pan-
aged and mixture-aged binders were observed to be similar for the unmodified PG 64-22,

variable for the unmodified WesTrack binders (i.e. one similar and one different), and
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substantially different with the SBS modified PG 64-28 binders. In the comparisons that
were different, the majority of the pan-aged HS parameters were higher in magnitude
than the comparative mixture-aged binders, except for the two binders from the Moana
Lane Extension, project (i.e. the unmodified Moana22 and the SBS modified Moana28).

The aging temperature was noted to influence both the oxidation rate and the HS
parameters, though by varied amounts depending upon the binder. The influence was
less prominent for the unmodified PG 64-22 binder as compared to the modified PG 64-
28 asphalt binder.

By combining the measured oxidation kinetics parameters of all the investigated
asphalt binders, a strong correlation was observed between the activation energy (E,) and
the pre-exponential factor (AP%) utilized to describe the oxidation rate or the k. term
which is equivalent to the ;4 term noted in Equation 7.1.

In a similar manner, the combination of all the investigated binders resulted in a
decent correlation between the HS (slope) and the m value (intercept) for the form
presented by Equation 7.4.

To summarize these findings even further, Table 8.1 generalizes the findings of the
evaluation of the pan-aged and mixture-aged oxidative aging parameters considered in
this chapter. It should be noted that a few varied results from the field produced mixtures

may not strictly agree with every consideration in the table.
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Table 8.1 Comparison Summary of Pan-Aged and Mixture-Aged Binders

Oxidation Parameters PG 64-22 PG 64-28
Tca Pan > Mix. Pan > Mix."
Ox.l dat.lon E, Pan > Mix. Pan > Mix.
Kinetics
AP?% Pan > Mix. Pan > Mix.
Hardening HS Pan > Mix. Pan > Mix.
Susceptibility m value Pan < Mix. Pan < Mix.

a — The overall trends indicated the pan-aged rates were higher than the mixture-aged,
ref. Figure 8.5.

In general, these conclusions seem to follow the logical understanding of the interaction
between asphalt binders and fillers or other blended mixtures. In fact, further studies
have noted that the asphalt binder component irreversibly adsorbed onto hydrated lime
particles consisted almost exclusively of carboxylic acids and 2-quinolone-type chemical
functional groups (Little and Petersen, 2005). Being that these functional groups are
either components of or readily turn into carbonyl groups, provides a significant
validation that the hydrated lime, thereby a potential for aggregates, to significantly alter
the oxidation characteristics of the asphalt binder within a given mixture. Also
considering that lime is fairly chemically active, could also suggest the opportunity for
the diminished effect, or possibly a variable level of influence of the adhesion interaction
between asphalt binders and aggregates. This may potentially explain why some asphalt-
aggregate combinations yield very different oxidation properties from the binder aged

alone, and some are fairly similar.
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9 ASPHALT MIXTURE TEST RESULTS AND DISCUSSION

As previously outlined in the experimental matrix discussed in Chapter 5, the influence of
the aggregate and mixture characteristics on the oxidation properties of the evaluated
asphalt binders were investigated by characterizing the mixtures over multiple aging
conditions which varied in temperature and duration. The stiffness of the mixtures were
evaluated through measurements of dynamic modulus (E*) while the thermal and low
temperature behavior of the mixtures were evaluated through uniaxial thermal stress and

strain (UTSST) measurements.

9.1 Dynamic Modulus Results

As previously discussed in section 3.1, a portion of the mixture characterization focused
on the E* of the asphalt mixtures subjected to the varied oxidation levels previously
described in the discussion of mixture aging results.

The selected testing protocol were based upon the recommendations of NCHRP 9-
19 suggesting 4.4 and 21.1°C were related to the fatigue performance of mixtures and the
high temperatures of 37.8 and 54.4°C showed a relationship with rutting resistance.
Based on these recommendations, the dynamic modulus testing for this research was
conducted under the following conditions:

e Temperatures: 4.4, 21.1, 37.8, and 54.4°C (40, 70, 100, and 130°F)

e Frequencies: 25, 10, 5, 1, 0.5, 0.1 Hz
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In order to maintain consistency during the study period, the E* test protocol was held
consistent even though research efforts on dynamic modulus testing had continued
elsewhere and suggested modifications.

In a manner very similar to the investigation conducted with the binder extracted
and recovered from the mixtures after the E™* testing, the main factors being explored in
this portion of the evaluation are:

e Aggregate Factors
* Qualitative Gradation
= Aggregate Absorption
» Aggregate Mineralogy

e Asphalt Binder Factors

=  Unmodified Binder
=  Modified Binder

e Mixture Characteristic Factors
» Asphalt Binder Content
» Mixture Density or Air Voids
A summary of the E* master curves are provided in Figure 25.1 through Figure 25.30
found in Appendix M for the laboratory prepared oven-aged mixtures considered in the
laboratory portion of this study. It is relevant to point out that these figures present the
fitted symmetric standard logistic sigmoidal form as discussed in section 3.1.1. The
model parameters provided in Table 26.1 through Table 26.5 found in Appendix N
present a summary of the master curve function parameters respective to each aged

condition of the asphalt mixtures.
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These master curves were developed utilizing an Excel spreadsheet to minimize the
sums of squares error terms between the shifted measurements and the combined
symmetric standard logistic sigmoidal formula. The master curve parameters were
simultaneously fit with the second-order polynomial shift function parameters to develop
the best fit relationships presented in Appendix M and Appendix N as a general
reference.

For consistency, the influence of each of the experimental factors on the dynamic
modulus master curves will be discussed in the same order as has been utilized in the

mixture-aged binder oxidation, rheology, and hardening susceptibility sections.

9.1.1 Mixture Air Void Level

The air void level within the compacted mixtures was the first experimental factor to be
evaluated with respect to the E* measurements since it has long been understood to
significantly influence the overall stiffness of a given mixture. Further, it has generally
been accepted that the stiffening of a given mixture is also influenced by the air void
level, logically deducing that the higher the air void level the more oxygen exposure is
present to the asphalt binder within the interior of the mixture.

To evaluate these generalizations, the investigated mixtures were aged over the four
durations at 60°C when compacted to three different air void levels (i.e. 4, 7, and 11%) as
measured by the cut specimens after aging. Two unmodified binders (i.e. PG 64-22 and
WT97-22) were evaluated with the California and WesTrack 1997 aggregates,

respectively. Further, the modified PG 64-28 binder was evaluated with two aggregate
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sources (i.e. Nevada and Utah) as well. The California mixtures are presented in Figure
9.1, with the short-term aged (i.e. zero month) and the longest aged (i.e. nine month)
master curves presented for each of the air void levels. Similarly, the WesTrack
materials are considered in Figure 9.2 with the modified binder presented in Figure 9.3

and Figure 9.4 for the Nevada and Utah aggregates, respectively.
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General observations of all four plots relative to the air void level (i.e. Figure 9.1 though
Figure 9.4) clearly indicate the general increase in the measured stiffness of the mixtures
as a function of the aging duration. In general terms, there was also a systematic shifting
due to the air void level at both the zero and nine month aging durations, with a couple of
exceptions. Further general comparisons also noted the loss of the lower asymptote (i.e.
higher temperature or lower frequency measures) of most of the mixtures over the
duration of oven aging. It was not fully evaluated whether this was a true loss of that
plateau region in the material, or if it were simply a side effect of the stiffening of the
material relative to the reference temperature. In other words, the overall shape of the
fitted master curve (i.e. whether or not it has both asymptotes) can be dependent upon

several factors including the actual temperatures and frequencies conducted during the
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test, the reference temperature utilized for shifting, and the relative proximity of the two.
To minimize these effects, the reference temperature was maintained well within the
tested temperatures. However, the reduced frequencies (i.e. after shifting) often depend
upon the material properties themselves (i.e. temperature and load rate dependencies)
which are not always directly analyzed. Nevertheless, overall characteristics of the E*
master curves provide a fair amount of information regarding the characterization of the
material behavior.

More specific observations of the CAL19122 mixtures of Figure 9.1, indicate the
clear separation of the master curves corresponding to both the aging duration as well as
the air void level of the mixtures. The mixtures compacted to the 11% air void level
exhibit the lowest E* measures at nearly all the considered reduced frequencies and aging
conditions. This differentiation was present through the intermediate and higher reduced
frequency range. As indicated in the figure, the actual quantification of the discrepancies
would highly depend upon the selected frequency and likely the shifted temperature for
the evaluation. Therefore, more generalized considerations of this type will be conducted
on the combined data followed by a discussion of the more specific observations of each.

Consideration of the WT97C22 mixtures in Figure 9.2, suggest a slightly different
influence of the aging duration on the developed E* master curves. These mixtures
initially show a difference at the 11% air void level, but only minor differences between
the 4 and 7% air void levels. There was a consistent differentiation between the air void
levels in the higher frequency range. Similar, but less consistent separations were
observed in the lower reduced frequency range, with the exception of the 4% air void

mixture after nine months of oven aging. These mixtures were also noted to exhibit very
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similar master curves after nine months of oven aging in the intermediate reduced
frequency range, showing nearly identical value in some instances.

These findings suggest further observations may be warranted to help explain some
of the contrasted results compared to the previous California mixtures. Recalling that the
two mixtures were produced with completely different asphalt binders, in addition to the
PG grade of 64-22, the aggregate structure of the mixtures were quite different.
Referencing the photographs of the respective mixtures in Appendix E, suggests that the
aggregate structure of the WesTrack mixture was much more open compared to the
California mixture. This suggests that perhaps the open structure of the mixture may be
more influential to the level of oxidation, which would be expected to correlate to the air
void level for most mixtures. Further evaluations of these mixtures may provide
additional information to better clarify the difference in the overall mixture properties.

Observations of the polymer modified PG 64-28 binder aging in the Nevada
mixtures of Figure 9.3 show the aging behavior that is somewhat of a compromise of the
first two evaluated mixtures. The NV19128 mixture aged with 4% air void level seemed
to follow the previous observations producing the stiffening effect and the loss of the
lower asymptote after nine months of oven aging at 60°C. The mixture aged with 7% air
voids, exhibited a slightly smaller magnitude in stiffening, but retained the asymptotic
curvature in the lower reduced frequency range. Continuing the overall trend, the
mixtures aged at the 11% air void level showed very little change in the magnitude of the
E* master curve after nine months of oven aging at 60°C. There was some slight
variations noted between the two 11% air void mixtures, but not the systematic shifting

observed with the other air void levels.
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Additional observations of the modified PG 64-28 asphalt binder were conducted
with the Utah aggregate as presented in Figure 9.4. These materials appear to exhibit a
very ordered and systematic increase in the E™ master curves with respect to the air void
level and oven aging duration. The figure presents very clear differentiation between the
air void levels which is continued through to the nine-month oven-aged mixtures without
a significant change to the master curve shape as was noted in some previous evaluations
in this section.

The already presented results suggest that with certain mixtures, the air void level
during aging has a very distinct influence on the level of oxidation, while others have
exhibited quite minor influences, and some mixtures exhibited both behaviors.
Therefore, to conduct a more robust evaluation of these findings, the actual rate of
stiffness increase was considered. This comparison also included the mixtures aged at
three and six month oven aging durations at 60°C for additional input into the analysis.

To accomplish these comparisons, E* had to be represented by fewer values than
the large data matrices often produced during master curve testing. To appropriately
reduce the data, the fundamentals of viscoelastic theory were applied. It is generally
accepted that HMA mixtures can be appropriately characterized as a viscoelastic solid.
Specifically, this means that the material will not exhibit purely viscous behavior, most
directly indicated by a phase angle approaching 90°. This has been demonstrated to be
the case for HMA mixtures subjected to shear loading (Zeng et al., 2001). What makes
HMA a viscoelastic solid is that the phase angle increases to a point, then decreases with
increasing or decreasing load frequency. The same principle can be applied to the axial

loading conditions applied during E* testing. In the same report, it was shown that
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asphalt binders could be considered viscoelastic liquids. This was evidenced by the
increasing phase angle with slower loading frequencies, which essentially led to the low
or zero shear viscosity concept (LSV or ZSV), respectively. Similar to LSV theory, it
was preferred to conduct such analysis with actual measured data points rather than using
responses from a fitted model, i.e. shifted master curves. Therefore the E* analysis was
limited to the temperatures and frequencies actually tested.

Since this investigation was interested in the aging of the asphalt binders and
corresponding changes to the mixture properties, it was desired to capture as much of the
viscous response of the mixture as possible. The most viscous response in an E™* test was
determined by locating the highest phase angle, which would not necessarily occur at the
lowest frequency or the highest temperature, i.e. viscoelastic solid behavior, as would be
the case for binder testing, i.e. viscoelastic fluid behavior. After much consideration into
the measured phase angle and the corresponding modulus values at each of the E* testing
conditions, it was decided that the best option would be to consider E* at 37.8°C (100°F)
at 0.1 Hz. In general, the decision was based upon lower phase angles at higher and
lower temperatures. At the lower temperatures, the binder was too stiff to provide a good
indication of its aging condition. At the higher temperatures the binder became too soft
causing the majority of the mixture response to be dictated by the aggregate structure.
Explorations also considered the elastic (E’) and viscous (E”) components of the
measured E™* values, however their relationship to E* through the phase angle (8) resulted
in very similar results as E* directly. Even though this methodology was developed
independently, it was later reinforced by the literature (AbWahab et al., 1993).

Therefore, for the sake of simplicity E* values at 37.8°C (100°F) and 0.1 Hz were
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considered with respect to the measured CA values. Figure 9.5 and Figure 9.6 present the

E™* plots for the previously evaluated mixtures containing the unmodified and modified

binders at 37.8°C (i.e. 100°F) and 0.1 Hz, respectively. Generally keeping within the low

shear viscosity presentation format, the air void evaluation has been produced in the

semi-log scale as a function of the standardized CA measurements.
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Figure 9.6 Select Dynamic Modulus Measures of Modified PG 64-28
Mixtures with Different Air Void Levels Aged at 60°C
As was suggested in the previous evaluations of the full master curves, this abbreviated
consideration clearly presents the air void dependency of not only the measured E*
values, but also the increase in those measures under constant aging conditions (i.e.
mixture oven aging at 60°C).

The mixtures with the two unmodified binders presented in Figure 9.5 show the
well-expected behavior that the air void level or mixture density have a distinct influence
on the overall stiffness of the mixtures. Although there is some overlap in the mixtures
aged at the 7% air void level, but the 4 and 11% air void levels with the CAL19122
mixtures generally showed a reduction in the rate of the measured increase in the E*

values under these aging conditions with increased air void levels. This trend does not
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seem to be consistent with the WesTrack mixtures, which tend to exhibit more scatter in
the aging rate overall.

Additional considerations of the polymer modified binder aged in the Nevada and
Utah mixtures presented in Figure 9.6 suggest a much more systematic variation as the
results of the air void level. These mixtures demonstrate a clear separation in not only
the magnitude of the measured E* values, but also a reduction in the rate of the measured
increase in the E™ values under these aging conditions with increased air void levels. In
other words, the higher the air void level of the mixture during aging, the slower the rate
of increase in the overall measured E* values.

Initially, this may appear as somewhat contrary to what would generally be
expected. The expected result would seem to indicate that the higher the air void level,
the higher the expected exposure to oxidation and thus the higher the rate of stiffening
within the mixture. However, these results seem to indicate the opposite effect. There
are two potential explanations to account for the influence of the air void levels on the
results just discussed assuming there was no appreciable damage to any of the samples
over the course of the oven aging durations. If there was appreciable creep or other
deformation within the mixtures, then the aggregate structure would presumably be
altered and produce erroneous results. However, this is not thought to be the case with
these mixtures since the magnitude of the measured E* values remained systematic and
consistent with the general stiffening upon oxidative aging within each respective
mixture.

The first possible explanation can be explained by considering the physical nature

of the cross-sectional area of the mixtures. It stands to reason that the lower the air void
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level, the more tightly packed the aggregate structure and thus the overall mixture (i.e.
the less air voids present the more physical material in a given area) provided the other
properties of the mixture remain constant (i.e. binder content, aggregate gradation, etc.).
As the asphalt binder stiffens with oxidation, the sheer amount of material throughout the
specimen can have a substantial influence on the overall stiffness of the conglomerate
mixture. In other words, a slight increase in the oxidation of the 4% air void mixture will
ultimately cause a greater increase in the mixture stiffness compared to an 11% air void
mixture, despite the higher oxidation level of the less dense mixture as indicated in the
oxidation kinetics of section 7.2.2. Thus, a reduction in the density (i.e. higher air voids)
would effectively reduce the overall contribution of such binder influences, if the
increased rate of oxidation of the binder due to the higher void level was not large enough
to overcome the reduction in the overall aggregate contact points. Essentially, the
increased oxidation of the binder itself was not sufficiently large to overcome the
reduction in the stiffness due to the large volume of air voids found within a given test
specimen with higher air void levels.

This explanation is somewhat supported by the previous evaluation of the mixture-
aged asphalt binders. The kinetics evaluation of section 7.2.2 demonstrated the increased
level of oxidation with increased air void levels of the mixture-aged binders over the
same aging conditions. However, the hardening susceptibility plots discussed in section
7.4.2 indicated that the overall HS relationship of the mixture-aged binders was largely
independent of the air void level, though the air void level did influence where on the
relationship a particular aging condition would be present. Thus the reduced oxidation of

the lower air void level mixtures were ultimately more influential than the higher rate of
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oxidation with the higher air void levels on the measured E™* values of the mixtures in this
analysis.

The second potential explanation for these results stems from the physical
application of the kinetics modeling methodology. Specifically, the rate of oxidation
reactions as were conducted here are typically either limited by the oxygen availability
(i.e. oxygen depravity slowing the reaction) or by the rate of diffusion of oxygen through
the binder into the interior of the film thickness. Without a detailed experimental
evaluation designed specifically for one case or the other, it is quite difficult to determine
which aspect is controlling the oxidation reaction or aging of the binder. Thus, without
being able to clearly decipher which is the limiting factor in the aging of any of the
evaluated mixtures, it becomes distinctly possible that the 4 and 11% air void cases may
be controlled by different mechanisms.

Without specific measures focusing on this aspect, it cannot be determined for sure
which is the controlling condition. However, it is important to note that the CA measures
and the HS determinations were conducted on extracted and recovered binders from the
respective aged mixtures. Evidence was provided in section 3.3 indicating that the actual
extraction a recovery procedure was expected not to have a significant influence on these
measures. However, it most certainly by necessity the process blends all of the extracted
binder together, thus eliminating the necessary separation to evaluate partial penetration
or diffusion limitations within the asphalt binder itself.

Taking into consideration all the above factors, it is feasible that the 11% air void
mixtures effectively have full oxygen exposure at the interface of a given air void and the

asphalt binder film. This may potentially enable the very outer surface of the air void to
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oxidize at a rapid rate, nearly the same as the pan-aged binders. This rapid oxidation at
the surface could potentially create a very stiff boundary which would in turn
substantially decrease the rate of oxygen diffusion to the interior of the binder film. This
oxidized barrier would serve to essentially protect the interior of the binder film and
reduce the level of oxygen exposure, effectively creating a diffusion limited system.
During the extraction and recovery process, nearly all the binder became blended
together in the solution, thus yielding the increased CA growth as was observed in
section 7.2.2. However, when the binder remained within the mixture, the relatively
lesser aged binder would be located between the aggregate particles away from the air
voids (i.e. at the aggregate contact points discussed previously), thereby producing a
reduced stiffening effect from the mixture testing (i.e. measured E* values).

Initially, this suggested occurrence may seem to directly contradict the findings of
the pan-aged binders where full exposure is nearly completely assured. However, there is
a significant difference in the area of the exposed surface of the pan-aged binders
compared to those surrounding the pore (i.e. air void) and binder interface. Considering
the cylindrical coordinate system discussed in the methodology section, the surface area
of the inner surface of a pore is substantially smaller than that of a fully exposed pan-
aged geometry. Therefore on a surface to volume comparative basis, the cylindrical pore
system has a significant reduction in the surface area of the exposed surface compared to
the volume of binder into which the oxygen would diffuse. Essentially, the concentration
of the oxygen would be far greater at the pore interface compared to the surface area of a

fully exposed pan-aged bind