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ABSTRACT

The purpose of this research was to identify and model critical elements of the
asphalt rubber matrix contributing to the crumb rubber modified (CRM) binder properties
as measured by Superpave testing procedures. Current models are neither applicable (due
to new testing procedures) nor practical (due to the difficulty of application or lack of
accuracy). Therefore, this research investigated the development of predictive models for
estimating binder properties within a specified range of accuracy.

Multiple crumb rubber sources were evaluated in order to gain an understanding
of the differences between the various crumb rubbers. This analysis permitted
identification of the important parameters, thus allowing for an accurate model to be
developed. Analysis of the crumb rubber particles involved the determination of the glass
transition temperature, chemical and visual analysis by scanning electron microscope.

Once the critical parameters were established, other test data was obtained from
research projects conducted at other labs. This allowed a broader model to be developed,
a model which would not be specific to one specific tester and lab facility. Ultimately a
total of 17 virgin binder sources from 10 separate regions were evaluated; a further 12
crumb rubber sources were used in conjunction with the various binder sources.

The nonlinear empirical models for estimation of CRM binder properties were
developed using the nonlinear least squares method. The accuracy of the various models
was evaluated by identifying 95% confidence intervals for the binder property estimation.

Validation of the models was performed using a fractional factorial design with
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previously untested CRM binders and this step confirmed the accuracy of the various
models.

Findings suggest that the effect of the crumb rubber in the binder tends to enhance
the effects of the base binder. This indicates that, for CRM binder, the properties of the
base binder typically have a greater influence on CRM binder properties than the
properties of the crumb rubber used in the matrix. It was possible to develop empirical
models depicting the changes in viscosities, G*/sind values, and failure temperatures. The
Rubber coefficient for viscosity (R.,) and G*/sind (R.g) were important parameters when
estimating CRM binder properties. These coefficients are representative of the effects of
the various crumb rubbers on the binders; generally, it was seen that ambient crumb

rubbers had higher R, and R, values than cryogenic rubbers.
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CHAPTER ONE

INTRODUCTION

With the introduction of the Strategic Highway Research Program (SHRP), a
number of tests have been adopted in an effort to uniformly evaluate binder properties
during all critical stages of its performance life. Such tests allow engineers to perform
laboratory evaluations of binders, thus obtaining detailed information specific to the
binder resulting in pavement improvements.

Polymer modified binders have been a driving factor behind the adoption of
SHRP testing procedures as these binders are typically able to withstand higher
performance temperatures without exhibiting the distresses usually associated with
elevated temperatures. Of the polymer modified asphalts, Crumb Rubber Modified
(CRM) asphalt is widely considered to be the most environmentally friendly. This is
largely due to the fact that the modifying agent involved is derived from the shredding of
old automobile tires (Yilidirim, 2007). Although the use of natural rubber in asphalt has
been around since the 1840s (Heitzman, 1992), the technique of using ground tires in
asphalt was first introduced by Charles McDonald in 1963. Initially used as a crack
sealant, today his process has been modified and adopted by a number of state agencies
for use in highways and other such high volume pavement structures (California
Department of Transportation, 2003).

The purpose of this research was the development of empirical relationships to be
used in conjunction with some of the SHRP binder properties to determine modified

binder properties given only the virgin binder properties. In order to do so, numerous
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binder sources need to be studied to provide a statistical platform upon which the
empirical relationship could be built. The establishment of such a model would prove
beneficial to the industry as well as to the scientific community as it would provide an
immediate reference from which binder properties may be estimated given only basic
starting parameters, such as base binder viscosity, base binder G*/sind, and crumb rubber
grinding procedure.

Similarly to other polymer modified asphalts, CRM asphalts tend to cost more
than their non modified counterparts. This cost increase is attributed to the addition of the
crumb rubber particles; therefore, there is a need to optimize the cost as much as possible.
The developed predictive model could be a useful tool to accomplish this. Asphalt
behavior is temperature dependent; as such, any subsequent relationship would be
required to consider the binder temperature as well as crumb rubber properties.

Preliminary studies indicated that such a relationship is present; findings suggest
that a clear relationship between various binder properties and crumb rubber
concentration exists. However, the difficulty lies in presenting a universal model that may
be used for all binders and crumb rubber types. In particular, this research focused on the
prediction of three binder properties: viscosity as determined by rotational viscometer,
high failure temperature as determined by dynamic shear rheometer (DSR), and the
rutting parameter G*/sind as determined by DSR.

Statistical analysis software, SAS, was used to develop the nonlinear relationship
present between crumb rubber concentration, temperature, and binder properties. Non

linear regressions were utilized in an effort to uniformly describe the behavior of rubber
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modified binders at high temperatures. There are currently no predictive models for the
determination of properties of binders containing crumb rubber. Past studies have
attempted to correlate the viscosity of an asphalt binder with temperature; however,

SHRP procedures were not being used at that time (Puzinauskas, 1967).

Significance of Work

It is desirable in the construction business to have well-established relationships
for predicting the performance of various materials. Such relationships permit cost
estimates to be made well in advance allowing contractors to prepare the most
competitive bid while also giving some indication of the engineering properties of the
materials.

These relationships can be found in virtually every sub-sector of civil engineering
for which empirical equations are available. Such as calculating the compressive and
tensile strength of reinforced concrete, estimating the amount of friction head loss in a
pipe, predicting hydration products of concrete, and correlating wood grain orientation to
compressive and tensile strength of the wood, etc.

Such relationships provide a measure of security to the designer as they indicate
that the material is tried and tested, and as such can be, to some extent, trusted. To date,
no relationships exist for predicting the high temperature properties of asphalt binders
containing crumb rubber. Such relationships would not only provide an invaluable design

resource when estimating the amount of crumb required for a certain performance grade,
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but they would also indicate that CRM binders are a consistent construction material for
which properties can be reliably predicted using well-established testing procedures.

Furthermore, given the temperature dependent viscoelastic nature of asphalt
binder, being able to predict the viscosity of an asphalt binder at certain temperatures
would also permit more accurate cost estimates of the required fuel costs for reaching the
desired pumping temperatures within the asphalt plant.

From an environmental standpoint, it is vital that CRM binders be recognized as a
reliable construction material. The EPA reports, “As the environmental impact of
buildings becomes more apparent, a new field called green building is gaining
momentum. Green or sustainable building is the practice of creating healthier and more
resource-efficient models of construction, renovation, operation, maintenance, and
demolition” (Environmental Protection Agency, 2007). Specifically the EPA targets six
main elements of green building, these include:

e Energy Efficiency and Renewable Energy,

e Water Stewardship,

e Environmentally Preferable Building Materials and Specifications,
e Waste Reduction,

e Toxics,

e Indoor Environment, and

e Smart Growth and Sustainable Development.

The addition of crumb rubber to asphalt binders results in an established

environmental building material which promotes sustainable development; additionally,

www.manaraa.com



CRM binder reduces the amount of waste disposed in limited landfill space, as well as
eliminating potentially hazardous storage conditions (fire hazards and mosquito
breeding). It would appear that CRM binder is the ideal paving material given the
aforementioned issues, but to date, pavements incorporating CRM binder are still not the
norm in the US or around the world.

The improvements in engineering properties typical of rubberized asphalt
pavements are well-documented, however, many of these studies also discuss the
inconsistent effects of different crumb rubber types on different binder sources. It is
therefore vital that efforts be made to establish the consistency of CRM binder as a

construction material.

Objectives

The main objective of this study was the identification, quantification, and
subsequent estimation of the effects of crumb rubber in various CRM binders.
Specifically, the objectives may be summarized as follows:

1. Conducting an extensive literature review regarding the use, performance, and
estimation of SHRP properties of various CRM binders,
2. Evaluating the high temperature binder properties as per SHRP testing procedures

(RV and DSR),

3. Conducting statistical analysis of laboratory tested and published data, followed
by establishment of nonlinear empirical models for estimation of CRM binder

properties,
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4. Conducting an error analysis of empirical models, performed by identifying 95%
confidence intervals for binder property estimation, and
5. Validating the models by follow up spot checks of binder properties on previously

untested binders.

Scope

This study will be concluded following the completion of the steps outlined
below:

1. Identification and analysis of previous studies used to evaluate SHRP binder
properties. A minimum of 25 unique CRM binders (combinations of at least: five
unique virgin binders and five unique crumb rubbers) was deemed the minimum
requirement for initial model development.

2. A total of 32 laboratory mixtures were prepared to supplement the literature data
for initial model development, specifically CRM binders in the laboratory
containing the following materials were prepared:

a. 5%, 10%, 15%, and 20% crumb rubber content by weight of virgin asphalt
binder,

b. Crumb rubber produced by cryogenic and ambient grinding processing
methods,

c. Crumb rubber derived from various tire sources (e.g., truck tire and

passenger car tire), and
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d. Asphalt binders from two different sources (Venezuelan and an
unidentified blend) meeting PG 64-22 requirement. These binder sources
were selected as the Venezuelan source is a commonly used binder
throughout the US, while the blended source was used to provide data
about the effects of crumb rubber properties on blended virgin binders.

3. Laboratory evaluation of high temperature CRM binder properties as per SHRP
testing procedures:

a. Rotational viscometer (RV) (minimum of three repetitions per sample)
and

b. Dynamic shear rheometer (DSR) (minimum of two repetitions per
sample).

4. The SAS program was used to perform statistical analysis of literature and
research data:

a. Identification of appropriate model form,

b. Perform regression fit of collected data to model, and

c. Identification of 95 % confidence interval encapsulating predicted values.

Validation testing of model accuracy was accomplished by randomized testing of
SHRP binder properties using randomly selected CRM binder compositions of previously

untested binder source.
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Organization of Dissertation

A literature review of related research is presented in Chapter 2. This review
discusses the use of scrap tires in asphalt as wet process CRM binder. SHRP testing
procedures are also discussed in detail, specifically the asphalt viscosity and high
temperature properties are explained. The literature review also reviews the earlier
predictive models used for the determination of binder properties. Chapter 3 includes
information regarding the materials and methods used to complete this study. The
statistical procedures used for this study are explained in detail in Chapter 4. Model
development for the various models is presented in Chapter 5. Experimental results and
discussion of the applied models are presented in Chapter 6. This study concludes with
Chapter 7, where a summary of the findings is presented along with conclusions and

recommendations for future related research.
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CHAPTER TWO

LITERATURE REVIEW

To gain an understanding of testing procedures established by SHRP and how
they apply to rubberized asphalt, it is first necessary to properly introduce rubberized
asphalt and the specific tests developed by SHRP. Therefore, first CRM binder and its
components are introduced below, after which the SHRP tests are also presented along

with documented cases of such tests being performed in conjunction with CRM binder.

Background

The introduction of CRM binder as an engineering material has occurred due to
the occurrence of a number of events. The work done by Charles McDonald on asphalt
rubber as a crack sealant in Arizona has proved to be a precursor for the growing
environmental sustainability movement. Coupled with dwindling resources, increased
environmental problems, and the quest for improved paving materials, CRM binder has
emerged as an efficient and “green” alternative to conventional polymer modified

binders.

Waste Tire Problem
In 1999, lightning struck a tire dump in Westley, California; the resulting smoke
plume impacted nearby farming communities and caused widespread concern of potential
health effects from exposure to the smoke emissions (Environmental Protection Agency,

2007). The tire fire produced large quantities of pyrolitic oil which flowed off the slope
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and into the drainage of a nearby stream. The pyrolitic oil was also ignited and caused
significant smoke emissions on the ground due to the raging oil fire. Local and state
agencies were unable to respond to the oil and tire fires, thus requiring the EPA regional
coordinator to intervene using the Oil Pollution Act of 1990. In the end, the tire fire lasted
for 30 days and the EPA response costs were estimated to be $3.5 million (Environmental
Protection Agency, 2007).

While tire fires are infrequent, they cause a serious concern to public safety as
well as being expensive to remedy. This danger becomes more apparent as it is estimated
that approximately 300 million scrap tires are generated annually (Rubber Manufacturers
Association, 2006). This places the generation of scrap tires at approximately one tire per
person per year. As seen in Figure 2.1, the number of open landfills in the United States
has been in a steady decline, more than 75% of all landfills have been closed within the
past 18 years (Environmental Protection Agency, 2006). As such landfilling can no

longer be considered a suitable, or sustainable, disposal practice.

10

www.manaraa.com



9000
8000
7000
6000
5000
4000
3000
2000
1000

Number of Landfills

1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

Figure 2.1: Number of Landfills in the United States, 1988-2006 (Environmental Protection Agency, 2006)

Estimates place the number of tires currently in stockpiles and landfills at
approximately 188,000,000 (Rubber Manufacturers Association, 2006; Environmental
Protection Agency, 2007). The evolution of this problem has prompted the establishment
of legislation limiting the disposal options for scrap tires (Rubber Manufacturers
Association, 2006). Addition of crumb rubber to binder has been identified as one
solution to the scrap tire issue; some studies even suggest that if only 10% of all asphalt
pavements laid each year in the U.S. contained 3% rubber by weight of binder, all scrap

tires produced for that year would be utilized (Takallou, 1991).

CRM Binder
ASTM D 6114 defines asphalt rubber as “a blend of asphalt cement, reclaimed
tire rubber, and certain additives in which the rubber component is at least 15% by weight

of the total blend and has reacted in hot asphalt cement sufficiently to cause swelling of
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the rubber particles” (American Society of Testing and Materials, 2001). Research has
shown that the addition of crumb rubber to virgin asphalt produces binders with
improved resistance to rutting , fatigue cracking, and thermal cracking (Dantas Neto et
al., 2003; Xiao et al., 2007) as well as reduces the thickness of asphalt overlays and
reflective cracking potential (Amirkhanian, 2003).

Research has shown that crumb rubber modification of asphalt binder has many
similar effects to polymer modification. The major changes noted by these researchers
are seen with the increase in the high temperature stiffness, these are often seen to exceed
levels normally achieved by polymer modification. Similarly it has been shown that
crumb rubber modifier also results in a reduction of dependency on temperature and
loading frequency. However, it has also been suggested that the main function of crumb
rubber is that of interactive filler as crumb rubber remains as a particulates even after
mixing (Lee & Mahboub, 2006). As the crumb rubber particles do not dissolve in the
asphalt, they have been shown to swell in the asphalt resulting in effective volumes that
are larger than their initial volume (Bahia & Davis, 1994; Oliver, 1982; Chehoveits et al.,
1982).

Tire Composition

Tires are composed of three main components: rubber, steel, and fiber. Rubber
contributes the greatest amount of material to the tire, contributing approximately 60% by
weight of the tire mass. Typically natural/isoprene rubber is used for both truck and
passenger car tires in the tread, sidewall, belt, carcass ply, and inner liner. Differences

arise in the amount of styrene butadiene rubber used; truck tires tend to contain higher
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amounts of styrene butadiene rubber in the carcass ply and base tread. Higher amounts of
butadiene rubber may be found in the base tread of truck tires as well (Toyo Tires, 2001;

Ucar et al., 2005).

Crumb Rubber Grinding Procedures

In order for crumb rubber to be added to asphalt it must first be reduced in size;
this is generally undertaken by ambient or cryogenic grinding of the scrap tires. The
ambient method involves the use of medium to high speed granulators (100-1200 rpm)
which utilize a rotor in which fly knives are attached. Prior to being introduced to the fly
knives the tires are already ground to approximately 2.5-7.6 cm size. The fly knives move
within a close distance of stationary knives which cause a cutting and shearing motion.
The size of the ambient ground crumb rubber is controlled by a screen within the
machine. Once the material has been processed through primary granulator, it is then
passed through a magnetic separation system where a majority of the belt wire steel is
removed. The majority of the fiber is removed using an air gravity separation table
(Blumenthal, 1994).

The cryogenic process also starts with chunks of tire approximately 2.5-7.6 cm
size in size. These chunks are then chilled with liquid nitrogen and ground in a mill, this
is followed by the separation of the fiber, metal, and rubber. The ground crumb rubber is
then finally sorted according to size; typically 70 to 80% of the crumb rubber is finer than

10 mesh (2 mm) (Blumenthal, 1994).
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The principal difference between rubber particles produced using the cryogenic
and ambient procedures lies in the shape of the resulting particle. Crumb rubber produced
using cryogenic means tends to exhibit a smooth surface, comparable to shattered glass.
Ambient grinding tends to yield particles with a rougher surface, thus producing greater

surface area than cryogenic particles (Blumenthal, 1994; Putman, 2005).

Mixing Procedure
The incorporation of crumb rubber into the asphalt mixtures is generally
performed using the dry process or the wet process. The dry process is characterized by
the use of coarse graded rubber as an aggregate with no opportunity for the asphalt and
rubber to react before mixing with aggregate. The wet process involves blending the
asphalt cement with the crumb rubber prior to the mixing operation. During this process,
the rubber reacts with the asphalt binder and changes the binder properties (California
Department of Transportation, 2003).
Today, the wet process is the most widely used method of crumb rubber
modification, reported advantages of using this procedure include (Amirkhanian, 2003):
e Increased pavement life
e Reduced reflective cracking
¢ Reduced permanent deformation (rutting)
e Reduced maintenance costs
e Reduced pavement noise generation

e Recycling of waste tires

14
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However, a number of state highway agencies and studies have also suggested
that common problems associated with the use of the “wet” process include
(Amirkhanian, 2003):

e Higher initial cost: Some highway agencies claim an increase of approximately
25% to over 200% in the cost of the pavement;

e Higher viscosity than conventional asphalt;

e Increased mixing temperature: Asphalt cement and ground tire rubber should be
mixed at approximately 204°C to obtain uniform mixture and standard viscosity;
and

e There are modifications, in some cases, that may be incurred to the asphalt plant,

paving, and compacting equipment.

SHRP Testin

TRB special report 202: America’s Highways: Accelerating the Search for
Innovation first detailed the objectives of the Strategic Highway Research Program. They
were identified as follows: “To improve pavement performance through a research
program that will provide increased understanding of the chemical and physical
properties of asphalt cements and asphalt concretes. The research results would be used
to develop specifications and tests needed to achieve and control the pavement
performance desired” (Transportation Research Board, 1984).

Emphasis was placed on developing a specification that would be valid for both

modified and unmodified asphalt binders. The end product of the binder research
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program was called Superpave. The binder specifications were outlined in order to
classify binders by performance criteria. Doing so allowed the binder to be evaluated
based on performance criteria specific to the application, thus permitting the designer to

anticipate the field conditions and ultimately design the pavement accordingly.

Binder Viscosity

AASHTO T 316 is the commonly used SHRP procedure for evaluating asphalt
binder viscosity. Achieving asphalt viscosity requirements is of utmost importance for
ease of pumping as asphalt is generally stored in asphalt plants at temperatures between
149°C and 177°C depending on the grade or viscosity (US Army Corps of Engineers,
2000). However, fulfilling these requirements becomes more difficult with the increasing
viscosity due to modification of the binder by crumb rubber (Stroup-Gardiner et al.,
1993) as well as the specifications established by SHRP indicating that asphalt viscosity
should not exceed 3.0 Pa-s at 135°C (Asphalt Institute, 2003).

Viscosity at any given temperature and shear rate is essentially the ratio of shear
stress to shear strain. At high temperatures such as 135°C, asphalt binders behave as
simple Newtonian fluids; that is, the ratio of shear stress to strain is constant. At low
temperatures, the ratio of shear stress to shear strain is not a constant, and the asphalt
binders behave like non-Newtonian liquids (Roberts et al., 1996).

Research has shown that rubberized asphalt viscosity increases as rubber
concentration is increased, regardless of rubber type. Non-Newtonian behavior of the

rubber modified binders was also shown to be more pronounced with increasing amounts
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of rubber. The same study also concluded that lower viscosity asphalt increases the rate
of the modified binder reaction when compared to higher viscosity binders from the same
source (Lougheed & Pappagiannakis, 1996).

All combinations of rubber and binder produce a uniquely modified binder, and
the resulting viscosity increases occurring with the addition of crumb rubber are due to
the amount of aromatic oil absorption and rubber particle swelling. It has been shown that
the increase in rubber concentration yielded significant increase in viscosity (Lougheed &
Pappagiannakis, 1996). Viscosity of CRM binder is known to be dependent on crumb
rubber content (Stroup-Gardiner et al., 1993), particle size and processing method
(Putman, 2005), mixing temperature and duration (Abdelrahman M. , 2006), and rubber

type (passenger tire or truck tire) (Khalid & Artamendi, 2004).

G*/sind and Failure Temperature
Since the implementation of SHRP, the Dynamic Shear Rheometer has been used
for the determination of G*/sind values as well as the high failure temperature of the
binder. Results obtained from the DSR are vital to pavement performance when
determining its resistance to rutting (Asphalt Institute, 2003).
The complex shear modulus (G*) and phase angle (8) are indicators of rutting
tendency in the pavement (G*/sind) at high temperatures and of fatigue cracking
(G*sind) at medium range temperatures. AASHTO TP 315 provides specifications and

procedures for obtaining experimental values of the complex shear modulus and phase
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angle using the DSR (American Association of State Highway and Transportation
Officials, 2006).

Loading time and temperature applied on the asphalt binder are the key factors in
predicting binder behavior. Information retrieved from the DSR is based on these factors.
During the duration of the test, the asphalt binder is sandwiched between two plates,
whereby the lower plate is fixed, and the top plate oscillates at a frequency of 10 radians
per second.

As specified by previous studies, a gap height of 2 mm was used for testing CRM
binder samples, while virgin binders were tested using a 1 mm gap. The differences in
gap height were applied to account for the effect of the differing rubber particle sizes
present in the CRM binder. Previous studies have shown that if the binders are tested in
the linear viscoelastic region, the variation in the gap size will not have a significant
impact on the results. Another advantage to using this procedure was the decreased
variability noticed when the 2 mm gap data was compared to the 1 mm gap. It has been
suggested that the decreased variability of the 2 mm gap data was due to the fact that
there was a lower possibility of rubber particles coming in contact with the plates, thus
adversely affecting the rheological measurements of the sample (Putman, 2005; Bahia &
Davis, 1994; Bahia & Davies, 1996; Tayebali et al., 1990).

The high-temperature portion of the PG grade is determined by measuring the
temperature at which the unaged asphalt binder’s complex shear modulus divided by the

sine of the phase angle (G*/sind) is at least 1.0 kPa when measured at a frequency of 10
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radian per second in accordance with AASHTO M 320 (Asphalt Institute, 2003; Roberts
et al., 1996; American Association of State Highway and Transportation Officials, 2005).

Studies have shown that the addition of crumb rubber to asphalt binder tends to
increase the G*/sind values of the CRM binder. Typically, the addition of crumb rubber
to binder is characterized by an increase in G* values and a decrease in phase angle, thus

resulting in an overall increased rutting parameter of G*/sind (Putman, 2005).

Binder Property Models

Previous studies have shown that viscous flow in any liquid can be regarded as a
thermally activated process where molecules must overcome an energy barrier to move to
an adjacent vacant site. As temperature goes up, the thermal energy of molecules
increases and the vacant site or “holes” in the liquid increases (Salomon & Zhai, 2003).
The concept of an activation energy barrier to flow suggests that when a liquid flows,
layers of liquid molecules slide over each other and intermolecular forces cause
resistance to flow (Eyring, 1936). The viscosity and temperature relationship can be
modeled using the Arrhenius equation shown in Equation (2.1) (Ward & Hadley, 1993;

Painter & Coleman, 1997).

s 2.1
Where,
n: Viscosity of the asphalt binder
T: Temperature (degrees Kelvin)
A: Constant
19
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E; Activation energy for flow

R: Universal gas constant (8.314 J.mol" K ™)

It is more useful to write the Arrhenius equation as shown in Equation (2.2), such
an equation produces a linear plot of Inz versus 1/7 with a slope of E/R. Activation has
been used in binders to rank their temperature susceptibility. Typically the activation
energy is given as the energy in kilojoules needed for one mole of reactants to react. The
typical activation energy for an ethylene vinyl acetate (EVA) modified binder was
approximately 67kJ/mol (Maze, 1996). An independent study found the average

activation energy for unmodified binder to be 205 kJ/mol (Pellinen et al., 2002).

Inn = 5 + Ind Eq.(2.2)
RT

Another technique for predicting the temperature susceptibility of asphalt was the
binder temperature susceptibility classification (Griffith & Puzinauskas, 1963;
Puzinauskas, 1967; Roberts et al., 1996). This index is relatively simple and is given by

Equation (2.3):

log[log(nr,)] — log[log(nz,)]
VTS = Eq.(2.3)
log(T;) — log(T})
Where,
T;and T>. Asphalt temperatures at two known points (degrees
Rankine)
nrrand np Asphalt viscosities at 7; and 7> (Centipoise)
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The binder was found to be more temperature susceptible as the VTS value

increased. Testing on more than 50 commonly used US binders showed that VTS values

tended to range from -3.36 to -3.98 (Puzinauskas, 1967).

A later model proposed by Rasmussen was derived from the definition of

Newtonian viscosity and related to penetration (Rasmussen et al., 2002). This equation is

based on information produced by the ASTM D5 penetration test for asphalt binders and

is given by Equation (2.4):

Where,

by

X1

_ A2my gty

n= Eq.(2.4)

Smxf

Viscosity (Pa-s)

Shear zone thickness (m)

Mass of the needle assembly (kg, typically 0.10 kg)
Acceleration of gravity (at sea level) =9.81 (m/s?)
Diameter of needle (m)

Final test time (s) typically 5 s for testing at 25°C

Final penetration (m)

One model which showed a great deal of promise was developed by Specht et. al.,

this research focused on modeling the rotational viscosity of asphalt-rubber by statistical

analysis and neural networks (Specht et al., 2007). As seen in Equations (2.5) through

(2.8) the model was not consistent as the temperature varied from 135 to 195°C.

21

www.manaraa.com



n@135 = 0.72 + 1.80(RC) + 1.07(RC)(RC) + 0.83(RC)(TP) + -
0.72(RC)(MP) + 0.58(MD) — 0.57(SS) a1

n@155 = 0.15 + 0.96(RC) + 0.57(RC)(RC) + 0.42(RC)(MD) +

0.36(RC)(MP) + 0.28(MD) + 0.38(MP)(MT) Fa2.6)
n@175 = —0.0014 + 0.74(RC) + 0.42(RC)(RC) + 0.27(MP)(MD) Eq.2.7)
n@195 = —0.40 + 0.80(RC) + 0.40(RC)(RC) + 0.30(MP)(MD) Eq.(2.8)

Where,

RT:

RC:

MD:

MP:

SS:

Rotational Viscosity (Pa-s)

Read Temperature (°C)

Rubber Content (% rubber in relation to total mass)
Mixing Duration (minutes)

Mixing Temperature (°C)

Rubber Specific Surface (m*/kN)

Another issue with this relationship is that it is not applicable for a number of

scenarios; this is because at these specified values the model produces negative values. It

is not physically possible to exhibit a negative viscosity, therefore additional research is

required to be undertaken in order to produce more realistic models.

22

www.manaraa.com



While some merit has been found in a number of these relationships; they are not
representative of the current testing procedures outlined by SHRP, or only functional to a
certain degree. Furthermore, none of these methods takes into consideration the addition

of crumb rubber to the binder for predicting the G*/sind values of the CRM binder.
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CHAPTER THREE

MATERIALS AND EXPERIMENTAL PROCEDURES

In this chapter the materials, experimental plan, and experimental methods used to
accomplish the research goals are discussed. The materials used in this study are listed as
well as any data relevant to the origin of the materials and their engineering properties.
The experimental plan is explained in detail, specifically, the goal of each section is
discussed as well as its relevance to the overall objectives of the study. Experimental

methods are provided and, when relevant, the standard procedure is identified.

Materials

Asphalt Binders

During the model development stage a total of twelve base asphalt binders were
evaluated. In addition, during verification five other asphalt binders were evaluated. The
binders were selected from many sources to determine the effects of geographic locations
of the binders. On some occasions, the same binder source was evaluated over several
months to determine if the binder properties were maintained over time. Table 3.1
provides a description of the binders used in this study. The test dates and test locations
are also given in order to provide a description of the various dates and locations the
binders were evaluated.

As shown in Table 3.1, binders from four different continents were tested;

furthermore, the information is a compilation of studies from three independent lab

24

www.manaraa.com



facilities which studied the binder properties over an eight year span. Three polymer
modified asphalt (PMA) binders were also evaluated to provide some information

regarding the feasibility of using the developed models in this research work on PMAs as

well.
Table 3.1: Description of binder used in this research study
Binder Test
Code Source Description Superpave PG Date  Test Location
ARTS Lab,
A Venezuela - PG 70-22 2006-7 Clemson, SC
ARTS Lab,
B South Carolina Blend PG 64-22 2006-7  Clemson, SC
Pannonia Lab,
C Russia - PG 64-22 2005 Veszprem, Hungary
ARTS Lab,
D Venezuela - PG 70-22 2004-5  Clemson, SC
ARTS Lab,
E Middle East - PG 64-22 2004-5 Clemson, SC
ARTS Lab,
F South Carolina Blend PG 64-22 2004-5 Clemson, SC
ARTS Lab,
G South Carolina Blend PG 64-22 2005 Clemson, SC
ARTS Lab,
H South Carolina SBS PG 76-22 2005 Clemson, SC
FHWA Lab,
I Unknown - PG 58-28 1999 McLean, VA
FHWA Lab,
J Unknown - PG 64-22 1999 McLean, VA
FHWA Lab,
K Unknown NOVOPHALT PG 76-22 1999 McLean, VA
FHWA Lab,
L Unknown STYRELF PG 82-22 1999 McLean, VA
ARTS Lab,
M Middle East - PG 64-22 2007 Clemson, SC
ARTS Lab,
N Texas - PG 70-22 2007 Clemson, SC
ARTS Lab,
O Canada 2 - PG 64-22 2007 Clemson, SC
ARTS Lab,
P West Texas - PG 64-22 2007 Clemson, SC
ARTS Lab,
Q Canada 1 - PG 64-22 2007 Clemson, SC
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Crumb Rubber

The gradation of the crumb rubber sources was highly varied and therefore, five
different gradations were evaluated. The gradations were: Arizona Department of
Transportation (ADOT) and South Carolina Department of Transportation’s (SCDOT)
specifications, 0.850 mm, 0.425 mm, and 0.180 mm. This range of gradations provides
both coarse and fine gradations, as well as individual coarse and fine crumb rubber
particles. The SCDOT and ADOT gradations are given in Table 3.2.

Crumb rubber data was available for twelve different types of crumb rubber
(Table 3.3). The variables that were varied for the crumb rubbers included: production
location, grinding procedure, gradation, and tire type. As described in later chapters,
many of the crumb rubber sources were added to various asphalt binders at

concentrations ranging between 5 and 20% by weight of binder.

Table 3.2: (a) ADOT and (b)SCDOT gradations

(a)
Sieve Number No. 10 No. 16 No. 30 No.50  No. 200
Opening size (mm) 2.000 1.190 0.600 0.300 0.075
Upper S.pemﬁcatlon 100 100 100 45 5
(% passing)
Lower Spec1ﬁcat10n 100 65 20 0 0
(% passing)
(©)
Sieve Number No. 20 No. 40 No. 80 No. 100
Opening size (mm) 0.850 0.425 0.180 0.150
lipper S‘pe01ﬁcat10n 100 100 50 30
(% passing)
Lower Spec1ﬁcat10n 100 85 10 5
(% passing)
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Table 3.3: Description of crumb rubber used in this research study

CRM Production Test
Designation  Location Grinding  Gradation Tire Type Date Test Location
South ARTS Lab,
Source 1 Carolina Cryogenic ADOT Passenger 2006-7  Clemson, SC
ARTS Lab,
Source 2 Arizona Cryogenic ADOT Passenger 2006-7  Clemson, SC
ARTS Lab,
Source 3 California Ambient ADOT Unknown 2006-7  Clemson, SC
ARTS Lab,
Source 4 Florida Ambient ADOT Truck 2006-7  Clemson, SC
Pannonia Lab,
Veszprem,
Source 5 Hungary Ambient ADOT Unknown 2005 Hungary
South ARTS Lab,
Source 6 Carolina Ambient SCDOT Passenger 2005 Clemson, SC
South ARTS Lab,
Source 7 Carolina Cryogenic  0.850 mm  Passenger 2004-5  Clemson, SC
South ARTS Lab,
Source 8 Carolina Cryogenic  0.425 mm  Passenger 2004-5  Clemson, SC
South ARTS Lab,
Source 9 Carolina Cryogenic  0.180 mm  Passenger 2004-5  Clemson, SC
South ARTS Lab,
Source 10 Carolina Ambient 0.850 mm  Passenger 2004-5  Clemson, SC
South ARTS Lab,
Source 11 Carolina Ambient 0.425 mm  Passenger 2004-5  Clemson, SC
South ARTS Lab,
Source 12 Carolina Ambient 0.180 mm  Passenger 2004-5  Clemson, SC
South ARTS Lab,
Source 13 Carolina Cryogenic SCDOT Passenger 2007 Clemson, SC
South ARTS Lab,
Source 14 Carolina Ambient SCDOT Passenger 2007 Clemson, SC
South ARTS Lab,
Source 15 Carolina Cryogenic  0.850 mm  Passenger 2007 Clemson, SC
South ARTS Lab,
Source 16 Carolina Cryogenic  0.425 mm  Passenger 2007 Clemson, SC
South ARTS Lab,
Source 17 Carolina Cryogenic  0.180 mm  Passenger 2007 Clemson, SC
South ARTS Lab,
Source 18 Carolina Ambient 0.850 mm  Passenger 2007 Clemson, SC
South ARTS Lab,
Source 19 Carolina Ambient 0.425 mm  Passenger 2007 Clemson, SC
South ARTS Lab,
Source 20 Carolina Ambient 0.180 mm  Passenger 2007 Clemson, SC
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Experimental Plan

The research was completed by carrying out six distinct objectives and resulted in
the establishment of equations relating high temperature properties of CRM binders with
crumb rubber content and temperature. The experimental plan for this research study is

shown in Figure 3.1.

Task 1: Characterization of crumb
rubber properties

Task 2: Effect of crumb rubber on
CRM binder viscosity and G*/sind

Task 3: Development of viscosity Task 4: Development of G*/sind
model model

Task 5: Development of universal
model for both viscosity and G*/sind

Task 6: Verification study

Figure 3.1: Step by step task list

28

www.manharaa.com




Task 1: Characterization of crumb rubber properties
The first task involved identifying the differences present between crumb rubber
materials derived from different manufacturers. This gave an indication of the variability
present in the various crumb rubber sources (Figure 3.2). Such an evaluation was
necessary because it was important to determine the extent of the differences present

from crumb rubber source to source.

Crumb rubber

| l

Cryogenic ground Ambient ground
4 4 A 4
Source 1 Source 2 Source 3 Source 4
y 4 4
Differential Scanning Scanning Electron Same testing procedure as
Calorimeter Microscope Source 1

; v

Elemental
Analysis

Morphology

Figure 3.2: Task 1 - Characterization of crumb rubber particles
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Task 2: Effect of Crumb Rubber on CRM binder viscosity and G*/sind

The second task was reacting the four crumb rubber sources with two binder
sources (A and B) and evaluating the viscosity and failure temperature of the various
binder-crumb rubber combinations. This evaluation provided data regarding the effect of
the different crumb rubber sources on asphalt binder properties. Also, an evaluation of
the different effects (particle and interaction) of the crumb rubber on the binder was
conducted. In doing so, it was possible to determine whether the effects of the crumb
rubber on the asphalt were physical or due to interactions between the crumb rubber and
binder.

This evaluation was conducted by determining the effects on binder performance
due to particle morphology as opposed to interactions between the particle and binder.
Figure 3.3 gives an illustration of the experimental plan pursued during Task 2. In this
phase of the research the viscosity and G*/sind data were obtained at crumb rubber

concentrations between 0 and 20% crumb rubber by weight of binder.
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Binder

PG 64-22
v v
| Source A | Source B
| ,
v v Same testin
. Modified &
Virgin 177°C, 30 min, 700 rpm procedures as
‘ ? ’ source A
DSR Rptatwnal y y
Viscometer . .
Cryogenic Ambient
ground ground
A A y 4
Source 1 ‘ ‘ Source 2 ‘ ‘ Source 3 ‘ ‘ Source 4 ‘

!

Same testing
procedures as

!

Same testing
procedures as

!

Same testing
procedures as

P

l

}

}

DSR

Rotational
Viscometer

Same testing
procedures as
Source 1

Same testing
procedures as
Source 1

Same testing
procedures as
Source 1

¢—‘—¢

135°C

180°C

Source 1 Source 1 Source 1
5% CRM by 10% CRM" 15% CRM 20% CRM"
weight of by weight of| by weight of| by weight of|
binder binder binder binder

"Drained samples were prepared and tested for DSR and Rotational Viscometer

Figure 3.3: Task 2 - Effect of crumb rubber on CRM binder viscosity and G*/sind values
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Tasks 3 and 4: Development of G*/sind and viscosity model

The third and fourth tasks were completed by supplementing the data from the
second task with additional test data obtained from the literature. Then the statistical
regression analysis was employed to identify specific relationships for determining
failure temperature and viscosity using only the base binder and relevant crumb rubber
properties as input parameters.

The various testing variables that were considered during model preparation are
shown in Figures 3.4 and 3.5. These figures show the various asphalt binder and crumb

rubber sources utilized to develop the models.

¢7 Model Input —L

Binder Crumb Rubber
Y Y 4 A A
See Figure 3.5 Sources Gradations and sizes Grinding procedure Tire type Concentration™
Cryogenic Truck |

California | ADOT |« 0% |g—17|
Ambient Passenger [« 2% |[4—

Florida [« SCDOT |«
5% |e4—

South » o
Carolina 850 mm 10% | o

15% [a—

Arizona [« 425 mm -
20% |a—

Hungary | 180 mm [

* by weight of binder

Figure 3.4: Task 3&4 - Various crumb rubber variables considered for model input
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Model Input

Binder Crumb Rubber
4 4 Y Y
Performance Polymer .
Source Grade Modification See Figure 3.4
South Carolina
Blend B PG 64-22 SBS
- > »  Styrelf
Venezuela PG 76-22 tyr
» Novophalt
X PG 82-22
Russia - =
Canada _ PG 58-28
Texas -
Middle Eastern [

Figure 3.5: Task 3&4 - Various binder variables considered for model input

33

www.manharaa.com




Task 5: Development of the universal model for both viscosity and G*/sind

Upon completion of the fifth task, a universal model relating the high temperature
performance grade of the CRM binder to the asphalt viscosity was developed. This
relationship permitted data regarding both the viscosity and the high temperature

performance grade of the binder to be obtained using a single equation.

Task 6: Verification Study

Finally, the sixth task involved a follow-up study using previously untested
materials. This provided an evaluation of the various equations which were developed
over the course of the first five tasks. Specifically, the data from this task provided
validation of the models for a number of previously untested binders.

The untested materials consisted of many combinations of binder sources, crumb
rubber variables, crumb rubber concentrations, and temperatures. Obviously, it was not
possible to test all of the combinations of these factors. Instead of trying to test all the
possible combinations, a certain subset of the combinations was determined (called a
fractional factorial) that allowed a generalization of the results as if all the combinations

had been simulated. This generalized testing scheme is shown in Figure 3.6.
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@ Canadian 1 Canadian 2
A A Y v Y Y
5% 10% 15% 5% 10% 15%
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mm mm mm mm mm mm mm
© [ [ ] ] e ] o] (] ] 5] ] i
@ Middle East 2 Middle East 1 West Texas 1
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4 4 A 4 4 v Y A
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© o [ 4 [ [
Legend
@ Binder Source Grinding .rnethod ' Viscosity Test;ng
(Cryogenic or Ambient) Temperature (°C)

%CRM (by weight of
binder) @ Gradation

Figure 3.6: Task 6 - Verification study
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An important step in the model validation was to check that the sample size of the
presented data was large enough to ensure that the models were accurately estimated.
The measure that was used for accuracy was the width of the interval estimated around
the models and the size of the standard errors of the estimated model coefficients. The
widths and sizes were based on three factors: 1) the amount of variation within the data,
2) the confidence levels of the intervals, and 3) the magnitude of the coefficients.
Statistical formulas are available that relate the sample size to these three factors. These
three factors were determined for this research and the formulas were used to estimate the
needed sample size. Further statistical tests are also available to confirm the validity of

the sample size selected.

Methods

Sample Preparation

The base binders prepared in the laboratory in this research were generally
delivered to the laboratory in 5 gallon buckets from the source. The samples were then
reduced to 600 g samples by heating the 5 gallon buckets of binder until the binder
flowed easily. The 600 g samples were stored in sealed individual quart cans at room
temperature until they were blended with the crumb rubber.

Prior to blending, the specified binder cans were placed in a 163°C oven for
approximately 75 minutes. The wet process was used when reacting the crumb rubber
with the binders. During blending the individual can of binder was placed on top of a hot

plate (maintained at approximately between 400-425°C) with a sand bath. The
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mechanical mixer used was a high shear 50.8 mm diameter radial flow impellor; crumb
rubber concentrations of 5, 10, 15, and 20% by weight of binder were used to react the
materials using a reaction time of 30 minutes while maintaining a constant binder
temperature of 177°C and speed of 700 rpm. This temperature was selected as it is a
common temperature used to produce CRM binders in the field in South Carolina. Upon
completion of blending the crumb rubber with the binder, the can of CRM binder was
sealed and allowed to cool for 24 hours at room temperature prior to testing.

Drained binders were also prepared in order to study particle and interaction
effects of the crumb rubber on the binder. Separation of the binder from the crumb rubber
was done by heating the CRM binder to a temperature of 163°C in an oven, the binder
was then mixed thoroughly to ensure uniformity and 100 g of each binder was poured
into a 76.2 mm diameter 80 mesh (0.18 mm) sieve and allowed to drain for 30 minutes in
an oven maintained at 149°C. Binder recovered from this process was then subjected to

the same tests as the CRM binder.

Characterization of Crumb Rubber

Cryogenic processed particles are known to exhibit a crystalline shape as a result
of the fracturing occurring following the cryogenic freezing process, whereas ambient
ground crumb rubber display rougher edges as a result of the tearing action typical of the
ambient grinding procedure. Crumb rubber particles resulting from the two production

processes can be identified by magnified imagery. Additionally SEM was utilized to
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conduct the elemental analysis of the crumb rubber particles to establish the elemental
compositions of the various crumb rubber sources studied.

The SEM analysis was done using a Hitachi S3500N SEM; 30x magnification
was selected, as this level of magnification permitted clear identification of the grinding
mechanism (ambient/cryogenic) used to reduce the scrap tire into crumb rubber. The
sample was prepared by attaching some crumb rubber particles to an aluminum specimen
tab with double sided carbon tape. Care was taken to ensure all the crumb rubber particles
were firmly attached to the tab; the SEM was calibrated using a copper sample.

In general, truck tires exhibit a higher concentration of natural rubber than
passenger car tires; however, the exact amounts of each component are proprietary as
well as possibly being varied from time to time or from manufacturer to manufacturer.
During the crumb rubber production process, in many cases, tires from numerous sources
are collected, shredded, and distributed without particular attention being paid to the
nature of each tire type. One of the points of interest for this research study was to
determine the effect of these elemental and physical inequalities on the CRM binder
properties.

A differential scanning calorimeter (DSC) was used to determine the presence of
various rubber compounds in the crumb rubber, by determining the number of glass
transition temperatures present. These corresponding temperatures were then used to
verify the presence of natural and synthetic rubber. The glass transition temperature of
natural rubber (NR) is approximately -70°C whereas the glass transition temperature of

synthetic rubber is approximately -108°C. Therefore, confirming the presence of such
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glass transition temperatures would permit identification of various rubber types present
in the crumb rubber.

Samples were analyzed using a TA instruments Q1000 DSC, where a 7.5 mg
sample was enclosed in standard aluminum DSC sample pan and entered into the DSC.
The temperature was then varied from -150°C to 100°C at a rate of 20°C/minute, using a
N, flow rate of 50cm’/min. The data was analyzed using Universal Analysis Software,

glass transition temperatures were obtained from the inflection point of the step function.

Viscosity Testing

AASHTO T316 was used when determining the viscosity at 135°C. During this
procedure 8.5 grams of asphalt binder is poured into a standard Brookfield Viscometer
test tube, the test tube and asphalt were then placed in temperature control device and the
desired temperature selected. The appropriate spindle was selected (#21 for virgin
binder), attached to the viscometer, and then submerged in the test tube to the specified
depth. The sample was then allowed to heat up for 20 minutes, followed by 10 minutes of
the spindle rotating at 20 RPM. Finally, three viscosity measurements are recorded at one
minute intervals (American Association of State Highway Officials, 2006).

It should be noted that when CRM binder samples were used 10.5 gram samples
were used instead of 8.5 grams samples, subsequently a smaller spindle size (#27) was
also selected. Careful attention was placed on ensuring that the CRM binder samples

were well mixed prior to pouring into the test tube.
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G*/sind Testing

AASHTO T315 was used for the DSR testing (American Association of State
Highway and Transportation Officials, 2006). The complex shear modulus and phase
angle were measured using a Bohlin DSR. Following previous research, a 2 mm gap was
used for testing CRM binder samples in the DSR, while a 1 mm gap was used for the
virgin binder. Variations in gap were incorporated to take into account the effect of the
rubber particle size present in the CRM binder. Previous research suggests that the
variation in the gap size does not affect the comparison of results between the CRM
binder and the unmodified binder when binders are tested in the linear viscoelastic
region. It has been noticed that the 2 mm gap resulted in less variability of data when
compared to the 1 mm gap for CRM binders. This lower variability was attributed to the
fact that when the 2 mm gap was used there was less possibility of rubber particles
coming in contact with the plates, thus adversely affecting the rheological measurements

of the sample (Tayebali et al., 1990; Bahia & Davies, 1996; Bahia & Davis, 1994).
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CHAPTER FOUR

STATISTICAL ANALY SIS PROCEDURES

This research project required the use of numerous statistical analysis procedures.
During Tasks 1 and 2 the ANOVA and LSD procedures were used to determine the
significant differences between the binder and crumb rubber property means among the
various sources. Tasks 3-5 dealt with the development of nonlinear regression models for
the proposed relationships between G*/sind, failure temperature, and viscosity, and 95%
confidence intervals were used to evaluate the precision of the various models. Finally,
the verification testing in Task 6 was performed by using a small subset of the many
factor combinations (i.e. a fractional factorial design). Each of these procedures is
introduced and expanded upon in this chapter; all relevant equations and notation are

included in the discussion.

Analysis of Variance (ANOVA)

The Analysis of Variance (ANOVA) is a method for comparing the means of
several populations, this method is an alternative to performing multiple ¢ tests to test this
hypothesis (Fisher, 1949). This method permits the hypothesis of “multiple means being
equal” to be analyzed at a specified probability of Type I error (0.05 for example). The
ANOVA procedure is based on the following assumptions:

1. Independence of cases: Independent random samples from their respective

populations.

2. Normality: The distributions in each of the groups are normal.
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3. Homogeneity of variances: 62 = 0% = 62 = 0% = 02 = ¢2.

The ANOVA table format is shown in Table 4.1; in this table the second column
provides information regarding sums of squares associated with each source of
variability. The third column provides the degrees of freedom associated with the sources
of variability. In the last column the means squares are calculated and the F test for the

equality of the 7 population means presented.

Table 4.1: Example of an ANOVA table for a completely randomized design

Sum of  Degrees of

Source Squares  Freedom Mean Square F Test
Between Samples SSB t-1 s*5=SSB/(t- 1) S25ls%w
Within Samples SSW nr-t s*w=SSB/(nr - 1)

Totals TSS nr-1

In an ANOVA for ¢ populations, the null and alternative hypotheses have the
following specific form:
Ho: 1= 1= 15="= g4 (i.e., the ¢ population means are equal)
H,: At least one of the ¢ population means differs from the rest.

The ANOVA procedure produces a tests statistic called F that is the ratio of the
variation among the population to the variation within the population (Equation (4.1)).; if
Equation 4.1 exceeds the tabulated value of F for a=a, df1=t-1, and df,=n;-t, then the null

hypothesis is rejected.

F== Eq.(4.1)
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Fisher’s Least Significant Difference (LSD)

In this research the LSD procedure was used to make specific comparisons
between pairs of various CRM binder and crumb rubber properties. This procedure was
also developed by R.A Fisher in 1949, and is commonly used for making pairwise
comparisons among a set of ¢ population means (Fisher, 1949). The Fisher LSD uses the
observed difference between two sample means as a test statistic for testing the null and
alternative hypothesis.

Ho: pi=
Hay: 1 # 1

Research has shown that the error rate for the LSD test is controlled on an
experimentwise basis at a level approximately equal to the a-level for the F' test (Cramer
& Swanson, 1973).

During this study the MEANS LSD command in the SAS program was used to
perform the various LSD tests; however, Ott and Longnecker provide the following step
by step procedure for performing Fisher’s LSD test (Ott & Longnecker, 2001):

1. Perform an ANOVA test to test Hy: 11 = 1t = 15 = "= 1 against the alternative
hypothesis that at least on of the means differs from the rest.

2. If there is insufficient evidence to reject Hy using F = MSB/MSW, proceed no
further.

3. If H, is rejected, define the LSD to be the observed difference between the two

sample means necessary to declare the corresponding population means different.
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4. The least significant difference for comparing z; to 4 (at a specified value of o),

is computed using Equation (4.2):

Eq.(4.2)

Where,
n; and n;: Sample size for population i and j, respectively
t Critical ¢ value for a=a/2
St Mean square within samples

5. Next, all pairs of sample means are compared. If | Vi — 37j.| > LSD; ;, it is possible

J
to identity the corresponding population means g4 and 4 different.

6. It is necessary to note that the probability of a Type I error for each pairwise

comparison of population means is fixed at a specified value of .

Regression Analysis

The method of nonlinear least squares was used to estimate the parameters in the
various CRM binder property equations, this is because they were nonlinear functions of
the parameters. The reason for using a nonlinear model is that often when attempting to
model real world phenomena, simple linear models are not accurate enough. According
to Jennrich, a nonlinear model is by definition a nonlinear family of functions. The
functions themselves may be linear or nonlinear; in simpler terms a nonlinear model is

one that is nonlinear in its parameters (Jennrich, 1995)
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Jennrich maintains that the world is full of nonlinear models; this is because
almost all mathematical models in science are defined by differential equations, and
differential equations almost inevitably give rise to nonlinear models. Therefore, the
basic task in nonlinear regression involves fitting nonlinear models to data (Jennrich,
1995).

Generally, the nonlinear regression model may be written in the form given in
Equation (4.3).

y=f(x0)+e Eq.(4.3)

If we allow (x,v/),...(xn,y,) to be a set of n observations of the dependent variable
v and the vector independent variables x in the nonlinear regression model (Equation
(4.4)). This leads to the data model:
yi=f(x,0)+e i=1,..,n Eq.(4.4)
A parameter vector §in @ is called a least squares estimate of @ if 6 =0

minimizes the least squares criterion (Equation (4.5)).
n
2
Q) = Z(Yi — f(x,0)) Eq.(4.5)
i=1

over all #in ©. A least squares estimate & need not exist and if it does, one seldom has
simple conditions for uniqueness like those in linear regression (Jennrich, 1995).
The observation space representation for the issue of minimizing Equation (4.5)

is given in Figure 4.1. In this case the objective is to select & which minimizes the sum of
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squares of the vertical deviations from the fitted curve (or surface) to the observed data

points (x; ;).

y=fx.8)

Figure 4.1: Observation space picture of nonlinear least squares fitting (Jennrich, 1995)

By writing the data model Equation (4.5) in vector form, it is also possible to
develop the vector space representation (Equation (4.6)).
y=1(0)+e Eq.(4.6)

Where y,f(0), and e are vectors in R" (Euclidean n-space of column vectors) whose i-th

components are y;, fi{0)=f(X;,0)and e; respectively. Using this notation the least squares
criterion is given by Equation (4.7).

Q) =lly—f(®I> ©6€0 Eq.(4.7)
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The issue becomes determining a in ® which allows the vector f(d)to be as close
as possible to the vector y of observed responses. Shown in Figure 4.2 is a graphical
representation of the variable space representation of the least squares fitting problem.

The least squares fit is the point on the surface which is as close as possible to y.

Figure 4.2: Variable space picture of the nonlinear least squares fitting problem (Jennrich, 1995)

Using the nonlinear least squares concept, the regression was determined using
the program PROC NLIN in the SAS system. Appropriate starting parameters were
selected for the model being proposed, and the method of nonlinear least square was used
to estimate of the model parameters.

The parameter estimates are the converged values of the parameters form the
iteration procedure. The standard error estimates and approximate 95% confidence

intervals are based on asymptotic arguments. The standard errors are computed by
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applying formulas from linear regression to a linearized form of the nonlinear model
(Jennrich, 1995).

This procedure culminates upon receiving the ‘“convergence criteria met”
statement. This indicates that the parameters have been adequately estimated. Typically,
the estimation of parameters is specific to each CRM binder property model; where, the

parameters are specific to a given set of criteria (e.g. grinding procedure).

95% Confidence Interval

The confidence interval is an interval estimate of a model parameter of interest.
Confidence intervals provide two numbers (the lower confidence limit (LCL) and the
larger the upper confidence limit (UCL)) that are likely to contain the true parameter
value. The 95% refers to the confidence coefficient, this is indicative of the probability
that the interval will actually capture the parameter being estimated (Rieck, 2005).

An example of confidence interval for a population mean is as follows. Assuming
the standard deviation is known and the sample is obtained from a normal distribution,

then Equation (4.8) may be used to determine the 95% confidence interval.

(7 — 1.96% Y +1.96 %) Eq.(4.8)
Where,
Y: Sample mean
o Standard deviation
n: Sample size
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Factors affecting the confidence interval include the value of the standard
deviation, the value of the confidence coefficient, and the value of the sample size. As
seen in Equation (4.8), the confidence interval shrinks as the sample size increases and
the standard deviation decreases. The confidence coefficient is also important as it
determines the value of the constant in Equation (4.8). This value will tend to increase as
the confidence coefficient decreases, however, this results in a larger and therefore less

precise confidence interval (Figure 4.3).

alfl2

— a — g
LCL: 7 —196— UCL: 7+196—
Vn H v

Figure 4.3: LCL and UCL for 95% Confidence Interval

Fractional Factorial Design

The fractional factorial design method was employed in conducting the
verification study. This method permits the testing of a certain subset of CRM binder
combinations to evaluate the factors, rather than trying to test all the possible

combinations. It allows a generalization of the results as if all the combinations had been
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simulated. Equation (4.9) provides the notation usually used for expressing a fractional

factorial designs:

mr Eq.(4.9)
Where,
I number of levels of each factor investigated
n: number of factors
p: number of design generators

The fraction of the full factorial design is given by 1/(/ ), and the number of
aliases by is given by (/”-1). The number of aliases refers to the number of effects which
are confounded with each other (Toler, 2006).

Usually in fractional factorial designs there are two levels of each factor
investigated, a “high” value and a “low” value. Therefore for a half a replicate (1/2) one
design generator is necessary, and the number of aliases for each effect is (2'-1) =1.

The standard order approach is used to determine treatment combinations to be
used in the experiment. If a study using three factors A,B, and C is considered, then the
coefficients for factor A are determined by alternating — and + signs. The coefficients of
factor B are determined by alternating pairs of — and + signs. The coefficients of factor C
are determined by alternating four — and four + signs. The coefficients of the remaining
factors are determined using an alias or with either one of the design generators. The +
and — coefficients for all n factors must be determined in order to decide which treatment

combinations should be included in the experiment (Table 4.2) (Toler, 2006).
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Table 4.2: Standard order approach for fractional factorial design

Treatment
A C D=ABC
Combination

: : : (1)

T - + ad

- - + bd

+ - - ab

- + + cd

+ + - ac

- + - be

+ + + abcd
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CHAPTER FIVE

MODEL DEVELOPMENT

Models were developed for determining SHRP test properties of various CRM
binders. Emphasis was placed on the determination of CRM binder properties given only
the virgin binder properties obtained using standard SHRP binder tests and crumb rubber
content and type. This chapter describes the development of models for determining:

e CRM binder viscosity using virgin binder viscosity data;

e CRM binder’s G*/sind and failure temperature data using virgin binder’s G*/sind
data; and

e CRM binder’s G*/sind and failure temperature data using virgin binder’s

viscosity data.

Viscosity Model

The model was developed in two parts; first, the effects of the addition of crumb
rubber to the virgin binders were studied. Once a working model was developed for the
addition of the crumb rubber to the virgin binders, the model for temperature variation
was developed. Such a division assumes that once the binder viscosity is set at 135°C,
binder viscosities will vary with temperatures greater than 135°C in the same fashion.

Therefore, the starting point for the model is described by Equation (5.1), given by:

Nx,t = No135(Rubber Factor)(Temperature Factor) Eq.(5.1)
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Where 7., is the viscosity with rubber content x at temperature t, and 7,;35 is the
neat binder viscosity at 135°C. The Rubber Factor and Temperature Factor components

of the model are discussed in the following sections.

Rubber Factor

The rubber factor was considered first because preliminary experimental results
indicated that when crumb rubber was added to the binder, the asphalt viscosity
consistently increased. However, it was also seen that this increase was dependent on the
virgin binder viscosity; therefore, it was necessary to normalize the data in order to
analyze the extent of the viscosity increase. When analyzing viscosity changes due to the
addition of crumb rubber, the virgin binder was held as the reference point, all subsequent
CRM binder viscosities were then divided by the virgin viscosity. Ultimately, a unitless

ratio of crumb rubber concentration to virgin binder viscosity relationship was found.

When these ratios were plotted against their corresponding crumb rubber
percentages, it became clear that the nature of the viscosity increase was consistent for all
CRM modified binders. It was seen that viscosity ratio change with respect to crumb
rubber percent followed an exponential trend. As all the viscosity ratios started at 0%
crumb rubber the starting point was always 1; therefore, the nature of the change could be
quantified by a single entity. This factor was referred to as the rubber coefficient for
viscosity (R.,). Figure 5.1 provides a visual reference for identifying the rubber

coefficient for viscosity; the R., was identified as a suitable parameter for describing the
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rubberized asphalt interaction as it provides a numerical value relating the viscosity

increase in the CRM binder to the specific crumb rubber source.

20
18 -
Binder A w/ Crumb
16 Rubber Source 3
y = e0-1369x /
14 R2=0.97
<& Binder A w/
w 12 / Source 3
§ 10 X Binder B w/
§ / Source 2
8
O
6 X
4 & ;
Binder B w/ Crumb
Rubber Source 2
2 X y = e 0788
. 3%/&/ R =0.92

0 5 10 15 20 25
% CRM(by weight of binder)

Figure 5.1: Method of R, determination

Therefore, the Rubber Factor in the model has the form given in Equation (5.2):
Ny = eRev* Eq.(5.2)

Where, R, is the rubber coefficient for viscosity and x is the rubber content.

Temperature Factor
The effect of temperature on binders was also studied; here too the asphalt binder

viscosity was normalized. However, in this case the viscosity at 135°C was used as the
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reference. A temperature of 135°C is commonly used by many testing agencies as the

reference for Brookfield viscometer viscosity measurements.

The Arrhenius equation was used as the starting point of establishing the
temperature factor component of the model. The Arrhenius equation is used for
modeling viscous behavior of thermo-rheologically simple materials; thermo-
rheologically simple materials are those materials whose chemical structure is stable at
the testing temperatures (135-210°C). The form of the Arrhenius equation is given in

Equation (5.3):

1, = AeFRt Eq.(5.3)
Where,
e Viscosity of the asphalt binder at temperature ¢
A: Constant
E;: Activation energy
R: Universal gas constant (8.314 J.mol" K ™).

The model was normalized by allowing the viscosity to be predicted at a desired

temperature (Equation (5.4)):

Ne = AePt Eq.(5.4)
Where,
Aand p: Constants
t: Temperature in degrees Celsius
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The Combined Model

The rubber and temperature factors were combined to produce Equation (5.5):
Nyt = 770,135(€Rcvx)(14€3t) Eq.(5.5)

Since the values for 77,35 and R., are known constants which have been previously
derived, only the values for parameters 4 and f need to be estimated. =~ The method of
nonlinear least squares was used to estimate the parameters 4 and . All calculations
were performed using the Statistical Analysis System (SAS) procedure, whereby a

nonlinear regression model was fitted to the data.

Failure Temperature Model

The model was developed in two parts; first, the effects of the addition of crumb
rubber to the virgin binder were studied. Once a working model was developed for the
addition of the crumb rubber to the virgin binder, the model for temperature variation was

developed. Equation (5.6) illustrates the starting point for the model:

G * G *
( ) = (—) (Rubber Factor)(Temperature Factor) Eq.(5.6)
x,t 0,64

sind sind
Where,

G*/sind, . Complex shear modulus divided by the sine of the phase angle
with rubber content x at temperature ¢

G*/sindgg4:  Virgin binder G*/sind value at 64°C
The Rubber Factor and Temperature Factor components of the model are

discussed next.
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Rubber Factor

The rubber coefficient for G*/sind (R.,) was introduced as a means of quantifying
the unique effects of crumb rubber on the specific binder; it is defined as the exponential
coefficient by which the crumb rubber concentration is multiplied when values of CRM
binder are normalized with the neat binder of the same source. It can be seen in Figure
5.2 that the normalized values follow an exponential trend with increasing crumb rubber
concentrations.

This procedure yielded high R squared values when used to describe the change in
behavior of the binder with respect to crumb rubber concentration. The R, values were
calculated for all CRM-Binder combinations, consistent with Figure 5.2, the relationship
between crumb rubber concentration and G*/sind was seen to be adequately presented by

Equation (5.7).

eRegX Eq.(5.7)

Where (G*/sind)x 64/(G*/sind)o 64 is the ratio of G*/sind values at 64°C, between 0 and x%
crumb rubber by weight of binder, R, is the rubber coefficient for G*/sind and x is the
crumb rubber concentration by weight of binder. Equation (5.7) illustrates the
exponential growth witnessed by CRM binders with regards to G*/sind values.
Therefore, at a temperature of 64°C the rutting susceptibility of a binder with varying

crumb rubber concentrations may be predicted using Equation (5.7).
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Figure 5.2: Method of R., determination

Temperature Factor
In order to vary the G*/sind behavior with respect to temperature, an inverse log
relationship was seen to have the best correlation when the data was analyzed with the
Statistical Analysis System (SAS). In this case, the binder G*/sind value was normalized
(i.e., the G*/sind value at 64°C was used as the reference). The Arrhenius equation,

shown below in Equation 5.8, was used as the starting point of the temperature factor

component of the model.

G * Eq
( . ) = AeRt Eq.(5.8)
sind/;
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Where,

(G*/sind);:  complex shear modulus divided by sine of phase angle given at the
desired temperature ¢ (> 64°C)

t Temperature in degrees K
A: Constant, E, is the activation energy
R: Universal gas constant (8.314 J.mol-1.K-1).

As shown in Equation (5.9), the model was normalized by allowing the

G*/sind value to be predicted at a desired temperature. The resulting equation is:

(s(i;nz)t = Ke®t Eq.(5.9)
Where,
K and ¢ Constants
t: Temperature in degrees Celsius
The Combined Model

The rubber and temperature components were combined to produce Equation (5.10):

G * G *
= Reg™ & Eq.(5.1
(sina)x,t (sin6>0‘64 (efeo™)(Ke?") q.(5.10)

Where,

G*/sindy;:  Complex shear modulus divided by the phase angle at the desired
crumb rubber concentration and temperature

G*/sindp,64: Complex shear modulus divided by the phase angle at a crumb
rubber concentration of zero at 64°C

Reg: Rubber coefficient for G*/sind
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X: Concentration of crumb rubber by weight of binder
K and ¢ Constants

t: Temperature in °C.

The method of nonlinear least squares was used to estimate the parameters K and

@. All calculations were performed using the nonlinear modeling procedure in SAS.

High End Failure Temperature Model

Failure temperature of a binder is defined as the temperature at which the G*/sind
value of the unaged binder falls below 1000 Pa (Asphalt Institute, 2003). Therefore, by
rearranging the preceding relationship and solving for temperature when the G*/sind is
set to 1000 it is possible to predict the high temperature failure temperature of the binder,

doing so yields Equation (5.11):

G *

Gims)...

(578)y "

sind

— Ke®t Eq.(5.11)

Equation (5.12) is produced by taking the natural logarithm of both sides,

()
no
In| oo ! = In(K) + In(e®) Eq.(5.12)
- cgXx
(Sin6)0,64 (e J )
solving for 7T yields Equation (5.13),
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(s5m0),,

In
G * R,
(Sin5)0,64 (e gx)
¢

Therefore, as shown in Equation (5.14), the failure temperature may be determined by

— In(K)

Eq.(5.13)

=t

substituting in (G*/sind),, = 1000 Pa.

1000
l —In(K
" (ﬂ) (eReo™) n(K) Eq.(5.14)
ft _ sind 0,64
¢
Where,
L Failure temperature (high en
il (high end)

G*/sindpe4:  Complex shear modulus divided by the phase angle at a crumb
rubber concentration of zero at 64°C

Reg: Rubber coefficient for G*/sind

X: Concentration of crumb rubber by weight of binder

Universal model

The experimental data was processed using the Statistical Analysis System,
specifically the nonlinear regression function was used in this software package to find
the optimum empirical relationship between G*/sind and the unmodified viscosity while
varying temperature and crumb rubber concentration. This procedure resulted in the

exponential described by Equation (5.15):
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G *

——= n135,0ae(bx+c(t)) Eq.(5.15)
Where,

G*/sind: Complex shear modulus divided by sine of phase angle
(kPa)

1135.0- Unmodified binder viscosity at 135°C determined by
Brookfield viscometer (Pa-s)

X: Percent crumb rubber added by weight of binder (% crumb
rubber)

t: User defined temperature (64 — 88 °C)

a, b, and c: Coefficients

The differences in CRM binder of differing origin (ambient versus cryogenic) is
well established (Stroup-Gardiner et al., 1993), similarly the differences in rutting
susceptibility between CRM binder and unmodified binder are also known (Xiao et al.,
2007). Therefore, to produce the most accurate results, the binders were classified by
modification procedure (virgin, ambient crumb rubber, or cryogenic crumb rubber) and

coefficients calculated accordingly.

Failure Temperature Model
To solve for failure temperature, it was necessary to rearrange Equation (5.13),
solving for ¢ using a G*/sind value of 1 kPa would provide the necessary input to solve
for failure temperature. Therefore, taking Equation (5.15) and dividing by (77350 @)

yields Equation (5.16),
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G *
Sind__ _ ,(bx+c(t)) Eq.(5.16)
(77135,0a

Taking the natural logarithm of both sides produced Equation (5.17),

G *

Sind__| _ p +c(t) Eq.(5.17)

In
(77135,0 a)

If Equation (5.17) is then solved as a function of ¢, Equation (5.18) is produced,

G *

In|-—SM0__| _ py Eq.(5.18)

t= -
(77135,0 a)

c
Finally, ¢ is defined as the failure temperature (ff) when G*/sind is less than 1 kPa, thus

producing Equation (5.19),
ft 1 {l l ! l b } Eq.(5.19)
=—{ln|——|—bx q.(5.
¢ (M3s0a)

Crumb Rubber Concentration Model

Rearranging Equation (5.13) for crumb rubber concentration (x), yields Equation (5.20)

1{1 [(G*) 1 l t} Eq.(5.20)
x =—1ln - —-C q.(5.
b sind (77135,051)

Similarly, the required amount of crumb rubber for a desired failure temperature may be

obtained by setting the G*/sind value to 1 kPa as shown in Equation (5.21),

1 1
X = B{l?’l [ml — C(ft)} Eq.(5.21)
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CHAPTER SIX

EXPERIMENTAL RESULTS AND DISCUSSION

In this chapter the results of the tests performed in Tasks 1-6 are presented and
discussed. The first section of the chapter deals specifically with the crumb rubber testing
outlined in Task 1. The next section presents the experimental data obtained from the
binder testing of the various CRM binders outlined Task 2. The remainder of the chapter
is dedicated to the presenting and discussing the various model results and verification

outlined in Tasks 3-6.

Task 1: Characterization of Crumb Rubber Properties

SEM Characterization of Crumb Rubber
As seen in the SEM images given in Figure 6.1, the effects of processing
procedure on crumb rubber surface characteristics were confirmed, two of the crumb
rubber sources (Sources 1 and 2) exhibited smooth fractured edges consistent with
cryogenic grinding. The remaining samples (Sources 3 and 4) exhibited a rougher
morphology typical of ambient ground crumb rubber. The SEM was also utilized to

determine the elemental composition of the crumb rubber particles (Figure 6.2).
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Figure 6.1: SEM mi(car)ographs of (a) cryogenically and (b) ambient Ground(?r)umb rubber at 30x
magnification
Elemental composition was seen to vary slightly from source to source, however
of the major constituents of the crumb rubber, the only element to vary significantly was
the oxygen in Source 4 crumb rubber. This lower oxygen content may be indicative of a
significant presence of truck tire in this source of crumb rubber (Ucar et al., 2005).
Results indicate that the amounts of carbon were similar regardless of the grinding

procedure; however, oxygen levels in the cryogenically ground particles were found to be

statistically greater than those in the ambient ground particles (Figure 6.2).
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Figure 6.2: Elemental composition by weight

Glass Transition Temperature (Ty)
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Analysis of the glass transition temperatures was conducted. Generally, crumb

rubber glass transition temperatures were found to be quite similar with the exception of

Source 4. Major differences found in the DSC profiles of the various crumb rubber types

involved the presence of more than one glass transition temperature for some crumb

rubber types. Multiple glass transition temperatures are indicative of the presence of more

rubber types within the crumb rubber. The glass transition temperatures for natural rubber

(NR) were generally lower for cryogenic rubbers than for ambient ground rubber sources.
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Findings from the DSC tests were consistent with the SEM tests, crumb rubber
Sources 3 and 4 exhibited no visible T, in the Synthetic Rubber (SR) range thus
indicating the presence of a significant concentration of truck tire rubber. As shown in
Figure 6.3, crumb rubber Sources 1 and 2 exhibited Tgs at both the natural rubber (NR)
and the synthetic rubber (SR) ranges thus illustrating significant presence of both types of
rubber. Source 3 crumb rubber was seen to exhibit some characteristics of truck and

passenger tire rubbers.
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Figure 6.3: DSC Profiles of a) Source 4 crumb rubber and b) Source 1 crumb rubber

Figure 6.3 clearly demonstrates the differences in the steps present in the DSC
profiles for the different crumb rubber sources. For example, this figure shows that
Source 1 exhibited two clear steps in the profile consistent with the glass transition
temperatures of natural and synthetic rubber. However, only one step was apparent in the
DSC profile of Source 4 crumb rubber, this indicates a lack of material present at the SR
glass transition zone. Source 2 crumb rubber illustrated a step similar to the one shown
for Source 1, while Source 3 demonstrated two steps similar to the ones present in Source

4.
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Task 2: Effect of crumb rubber on binder properties

Viscosity

Previous research results have indicated that binder modified by ambient ground
crumb rubber will exhibit greater viscosities than binder modified by cryogenically
ground crumb rubber (Stroup-Gardiner et al., 1993). In addition, literature also states that
greater quantities of natural rubber will also increase the viscosity; therefore, it might be
assumed that Source 4 crumb rubber would exhibit the greatest viscosities as crumb
rubber tests indicated a substantial presence of natural rubber within Source 4. This was
generally the case as binder modified with Source 4 crumb rubber yielded the highest
viscosities for three of the four concentrations studied. Similarly the ambient ground
crumb rubber was seen to consistently provide the higher CRM binder viscosities.

Figure 6.4 shows the experimental values of the viscosities determined by
Brookfield viscometer at 135°C. Both binders clearly exhibit a viscosity increase with
increasing crumb rubber concentrations; however the extent to which these are quantified
depends on the binder being modified and the properties of the crumb rubber used to
make modifications.

At a concentration of 5% crumb rubber by weight of binder, the results were
generally quite similar. However, as the crumb rubber increased, the differences in the
crumb rubber started to manifest themselves. The CRM binders at 20% provided the
greatest contrasts between the binders; however, even then the results were not consistent
with Source 3 exhibiting the highest viscosity for Binder B while Source 4 had the

highest viscosity for Binder A.
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Figure 6.4: Viscosity data for (a) Binder A and (b) Binder B with crumb rubber sources 1-4(Treatments
containing at least one common letter within a single CRM size produced statistically similar responses)
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When examining the binder viscosities using grinding procedure as a blocking
factor, the importance of grinding procedure was confirmed for determination of viscous
properties of the CRM binder. Binder source, in this limited study, played a key role in
dictating the viscous properties of the CRM binder; when binder source was used as a
blocking factor, statistical differences were noted for every crumb rubber concentration.

When the crumb rubber concentration was used as a blocking factor, the relative
effects of the various crumb rubber sources could be analyzed. From Figure 6.4, it can be
seen that Source 4 crumb rubber consistently exhibited higher viscosities regardless of
the binder source. When the grinding procedures were compared, the ambient ground
crumb rubber samples yielded statistically significant higher viscosities regardless of the
crumb rubber concentration. This suggests that the morphology of the crumb rubber plays
an important role in the viscous performance of the binder, as the smooth crystalline
particles generated by the cryogenic procedure yielded less viscous binder than their
rougher ambient counterpart. It was concluded that the base binder plays an influential
role in determining the viscosity of the CRM binder, when the binder source was used as

a blocking factor, Binder A consistently had a statistically higher viscosity than Binder B.

Particle and Interaction Effects on Viscosity (PEV & IEV)
Particle Effect and Interaction Effect were determined for viscosity. Doing so
permitted the analysis of interaction and particle effects on binder properties. PEV and
IEV identified as the contribution to the binder viscosity due to the interaction between

crumb rubber and the binder (IEV) and as the effect of the crumb rubber particles as inert
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filler in the binder (PEV). Precise identification of the contribution of each was necessary

to determine the cause of the change in properties of the CRM binder (Equations (6.1)

and (6.2)).
Drained - Base
E= Eq. (6.1)
Base
CRM — Drained
PE = Egq. (6.2)
Base
Where,
IE: Interaction effect
PE: Particle effect
Drained: Drained binder property
Base: Virgin binder property
CRM: CRM binder property

Results indicated that at a crumb rubber concentration of 10%, the interaction
effect for viscosity was statistically consistent regardless of crumb rubber source; this
indicates that at the 10% level the CRM binder effects due to interaction between particle
and binder were independent of the source. Results also indicated that at the 10% level
very small interactions occur regardless of crumb rubber, binder source, or grinding
procedure when viscosity results are considered.

Figure 6.5 illustrates the differences in IE and PE for the two binder Sources (A

and B) when modified with crumb rubbers from four different sources. Clearly, the IE
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increases significantly as the amount of crumb rubber is increased, thereby suggesting
that any reactions occurring between the crumb rubber and binder are dependent on the
amount of crumb rubber used. The base binder used also appears to play a major role on
the development of the IE as the interactions were noted to be consistently higher for
Binder A than Binder B.

As shown in Figure 6.5, the PE clearly increases as the crumb rubber
concentration increases, thus suggesting that the effect of the particle in the binder matrix
is magnified as the number of particles increases. At 10% crumb rubber, there appears to
be some variation between binder and crumb rubber sources. However, these differences
are more apparent when the 20% crumb rubber concentration is studied. At 20% rate, the
ambient ground crumb rubber sources yielded the highest PEs, furthermore the base
Binder A also tended to exhibit higher PEs than Binder B. These findings suggest that the
ability of the particle as an inert filler in the binder matrix to modify the asphalt
properties is highly dependent on the base binder viscosity as well as the morphological
properties of the crumb rubber.

Emphasis must be placed on the fact that PE was generally 12 times greater than
the IE, thereby suggesting that the bulk of the viscous effects due to the presence of
crumb rubber in the binders were attributed to the effects of the crumb rubber as inert
filler. The grinding procedure was seen to consistently affect the properties of the binders
where the ambient ground binders were generally seen to demonstrate the highest

viscosity.
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Source 4 crumb rubber consistently produced the most viscous binder; crumb
rubber testing also indicated that this rubber source contained a significant portion of
truck tire crumb rubber. Therefore, it appears that the source of tire used as a modifier
plays some role in the viscosity of the modified binder. It is unclear whether this is due to
chemical differences in tire source, and thus interaction between tire and binder. Tire
composition and properties depend on tire grade, age, and manufacturer (Kyari et al.,
2005), differences in natural and synthetic rubber content in tire sources may contribute
to different particle morphology, such as surface area of the particles. Tire compounds
exhibit differing properties with respect to aging (oil resistance, sunlight aging, and
oxidation) and physical distresses (abrasion resistance, tear resistance, and maximum
tensile strength); therefore, variability in these may contribute to varied particle

morphologies thus resulting in varied CRM binder properties.
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Figure 6.5: Viscosity (a) Interaction Effect and (b) Particle Effect
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G*/sind and FT testing

Statistically, no significant difference was found when failure temperatures and
G*/sind of ambient and cryogenic crumb rubbers were compared at 5% crumb rubber
concentration. When comparing the failure temperature and the G*/sind by grouping the
grinding procedures, the ambient ground CRM binders consistently produced higher
values. These findings suggest that the extent of failure temperature and G*/sind
modification is dependent on the grinding process used to render the tire, with ambient
ground tires consistently producing higher failure temperatures and G*/sind.

When the effect of binder type was examined, Binder A produced significantly
higher failure temperatures regardless of crumb rubber source used. These findings
suggest differences in crumb rubber source, used in this research project, appear to be
less influential than the base binder properties.

Figures 6.6 and 6.7 illustrate the general trend exhibited with the addition of
crumb rubber to the asphalt binder. The findings were consistent with the literature as the
addition of crumb rubber tended to increase both the high end failure temperature and the

G*/sind values.
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Figure 6.6: Failure temperature of (a) Binder A and (b) Binder B (Treatments containing at least one
common letter within a single CRM concentration produced statistically similar responses)
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Figure 6.7: G*/sind of (a) Binder A and (b) Binder B (Treatments containing at least one common letter
within a single CRM concentration produced statistically similar responses)
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As shown in Figures 6.6 and 6.7, modified binders made with Source 4 crumb
rubber yielded the highest failure temperatures and G*/sind regardless of concentration,
such findings suggest that ambient ground truck tire rubber yielded the highest failure
temperatures and G*/sind. The results of modified binders made with Source 3 crumb
rubber (ambient) were insufficient to conclude that this crumb rubber source produced

results which are significantly different from the two cryogenic crumb rubbers studied.

Particle Effect (PE) and Interaction Effect (IE) on G*/sind and Failure Temperature
The PE and IE on failure temperature and G*/sind values were calculated.
Precise identification of the contribution of each was necessary to determine the cause of
the change in properties of the CRM binder. Figures 6.8 and 6.9 illustrate the differences
in IE for the two binder types (A and B) when modified with crumb rubbers from 4
different sources. The IE and PE increase significantly as the amount of crumb rubber is
increased, thereby suggesting that any reactions occurring between the crumb rubber and

the binders are dependent on the amount of crumb rubber used.
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Figure 6.8: Failure temperature (a) Interaction Effect and (b) Particle Effect
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When the results were analyzed by grinding procedures, the IEs were generally
quite consistent for both ambient and cryogenic crumb rubbers (at similar crumb rubber
concentrations). This behavior was unexpected as the literature suggests that crumb
rubber produced by the ambient procedure produces crumb rubber with larger surface
areas than those produced cryogenically. Finer crumb rubbers, in general, provide a
larger surface area for chemical interactions to occur, therefore, it was expected that as
surface area increased, the interaction effect would follow suit. This suggests that the
interaction effect between crumb rubber particles and binder is independent of the surface
morphology.

When the PEs were compared by the grinding procedure, the crumb rubbers
produced using the ambient procedure resulted in higher values than the one produced
cryogenically. As expected such results suggest that the PE is influenced by the particle
morphology. Such findings indicate that emphasis should be placed on the grinding
procedure rather than the tire composition. Tire composition does appear to play a role in
the development of G*/sind and failure temperature values, however this role appears to
be within the context of the particle effect.

The analysis of the interaction and particle effects produced some unexpected
results. Of particular note were the inconsistencies in the PE and IE for CRM binder
modified with Source 1 crumb rubber. Figures 6.8 and 6.9 show that at 20% crumb
rubber by weight of binder Source 1 crumb rubber produced a high IE and a low PE
when reacted with Binder A. However, when Binder B was reacted with the same crumb

rubber source, it produced a low IE and a high PE. This suggests that the effect of crumb
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rubber is dependent on the base binder properties, by examining the IE and PE it is
evident that the same crumb rubber source might have different effect on different binder
types exhibiting the same performance grade and similar base viscosities.

These findings reinforce the conclusion that little interaction effects are taking
place, as reported by others (Putman, 2005). In the event of interactions between binder
and crumb rubber, it would be natural to assume that ambient crumb rubber would
produce greater interaction effects as ambient particles provide a greater surface area. It
was also seen that as the crumb rubber concentration increased, the differences between
the various CRM binders became more pronounced, this reinforces the conclusion that

binder modification is dependent on the crumb rubber concentration.

Task 3: Viscosity model results

Equation (6.3) describes the resulting estimated equation using SAS:

Nxt = Noazs(€R*)(211.8e70:0401) Eg. (6.3)
With the standard error of 4 and f found to be 28.4084 and 0.00096. Equation (6.3) was
used to predict values of viscosity for an array of binder and temperature combinations.
Upper and lower prediction intervals, were also estimated from Equation (6.3). The
predicted values and the prediction intervals were plotted along with the actual values.
Whenever the actual values fell within the prediction intervals, the predictions based on
the model were considered to be accurate. Analysis of the model showed that 94% of the

time the actual values fell within the prediction intervals.
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While R? is a popular method of determining the goodness of fit of a model, it
does not provide an indication of the range of accuracy of the model. Therefore, 95%
confidence intervals were used as a method of determining the accuracy of the model, as
well as to provide the user an indication of the accuracy of the model. An additional
benefit of using the 95% confidence interval is that if used properly the confidence
interval allows the user to incorporate a factor of safety into the predicted value. For
viscosity values it is conservative to use the upper 95% confidence interval value when
making predictions, doing this provides a value that is slightly higher than the actual
value. However, it is sufficiently accurate to provide an indication of the viscosity, while

also reducing the risk of exceeding the upper confidence interval to 2.5%.

Values for the R., were calculated and are summarized in Tables 6.1 and 6.2. As
seen in these tables, statistically significant differences are present depending on the
binder source and grinding procedure. The highest R., was exhibited by the Russian
binder source; it is thought that this elevated R., is due to the high shear mixing
procedure and higher temperature used during reaction, rather than unique crumb rubber
and binder properties. This is likely the case as the Russian binder, whose viscosity was
similar to the other binders tested, was modified with ambient crumb rubber. For the
remaining binders, the R., values tended to decrease with decreasing virgin viscosity,
thus suggesting that as the virgin binder viscosity decreases so too does the

corresponding CRM binder viscosity.
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Table 6.1: Mean R., by Binder Source

Source Binder = Mean R,  Observations LSD
Russia C 0.187 1 a
Blend B 0.120 6 b
Venezuela AD 0.120 17 b
Middle Eastern E 0.110 6 bc
Blend F 0.094 4 C

Table 6.2: R, by Grinding Procedure

Grinding Mean R,, Observations LSD
Ambient 0.133 17 a
Cryogenic 0.100 17 b

Tables 6.1 and 6.2 use the Fisher LSD procedure to distinguish statistically
significant differences present among the R, values. This procedure is a commonly used
statistical analysis method to determine the difference between two sample estimates
necessary to declare the corresponding differences between population means. R, values

having at least one LSD letter in common produced statistically similar values.

The influence of the R., on CRM binder viscosity is quite profound, for example
if a binder of 0.5 Pa-s was reacted with a crumb rubber yielding an R, of 0.1 and another
of 0.12 the two binder viscosities produced would be of approximately 3.7 and 5.5 Poise,
respectively. This difference in predicted viscosity is dependent on the R, as seen in
Table 6.2 ambient ground particles typically tend to produce higher R., values than
cryogenically ground particles. The difference in grinding procedures was seen to
produce statistically different R., values, by definition the R., of a binder containing no
crumb rubber is zero. Preliminary results also indicate that the R, tends to increase for
ambient ground particles with increasing fineness, no such increase was found for

cryogenic particles of differing fineness.
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The experimental results are plotted along side with the predicted values and the
corresponding 95% confidence interval in Figure 6.10. The confidence intervals which

went below zero Pa-s were omitted as they do not present realistic values.

Figure 6.10 provides a graphical representation of the average values of the data
points at various temperatures; it is evident from these charts that the nonlinear model
used for predicting CRM binder was accurate. As with any empirical model, it is difficult
to make exact predictions; therefore, the 95% confidence interval was also included thus
providing an indication of the reliability of the model. For all temperatures, the 95 %
confidence interval was encapsulated by +/- 0.8 Pa-s of the predicted value. This is
indicative of a model that has a 95% chance of encapsulating the true value within +/- 0.8
Pa-s. Therefore, depending on the application in question, the upper or lower limit would

provide a conservative estimate of the parameter of interest.
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The upper confidence interval is particularly useful as it provides a conservative
estimate of the maximum viscosity achieved with a specific crumb rubber at a given
temperature. It is of note that Figure 6.10 is not representative of any one single binder or
crumb rubber type, rather it is a summary of the data used in this particular study.
Therefore, they should not be compared to one another as the binders are not all of the
same source or grade. The value of these figures lies in their representation of the average
estimated value of the binder viscosity against the average value of the experimental
viscosities. The drawbacks of using such a method are apparent when examining the
predicted viscosity at 20% crumb rubber at 135°C. This is the only case where the
average experimental value fell outside the prediction interval, this is due to the
increasing variability of binder viscosities with increasing crumb rubber concentrations as
temperature decreases. The effects of the different virgin binder and crumb rubber types
are more pronounced at lower temperatures given the increased viscosity of asphalt at

lower temperatures.

Task 4: G*/sind and FT Model Results

In this section, the experimental results are compared to the predicted values
using the G*/sind model and the high end failure temperature model. Of interest in this
section was the ability of the 95% confidence interval to capture the experimental values
without creating excessively large intervals. Also presented in this section are the various
R.q values, these values are compared by base binder, grinding procedure, and crumb

rubber source.
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G*/sind model
Using SAS, the values for K and ¢ were determined to be 837.8 and -0.1047

respectively. The resulting estimated relationship is given by Equation (6.4):

G * G *
( _ ) :( , ) [eRevX|[837.8¢~1047¢] Eq. (6.4)
sind/ e \sind/gea

The standard error of K and ¢ were found to be 90.2 and 0.002, respectively. Equation
(6.4) was used to predict values of G*/sind for an array of binder and temperature
combinations. Upper and lower prediction intervals were also estimated from Equation
(6.4). The predicted values and the prediction intervals were plotted along with the
actual values. Whenever the actual values fell within the prediction intervals, the
predictions based on the model were considered to be accurate. Analysis of the model
showed that 92.6% of the time the actual values fell within the prediction intervals.
Figure 6.11 illustrates the increase in G*/sind values as crumb rubber content
increases. In addition, this figure illustrates the accuracy of the model in predicting the
CRM binder properties. Experimental results show that as crumb rubber concentration is
increased, the G*/sind value increases, a decrease in experimental G*/sind values is noted
as the temperature increases. At 82 and 88 °C, binders with less than 10% crumb rubber
by weight were seen to not withstand any loading. The average experimental values were
consistently encapsulated by the 95% confidence interval; furthermore the 95%

confidence interval was seen to be approximately +/- 1.3 kPa.
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Figure 6.11: Average experimental and predicted G*/sind values with 95% confidence intervals for (a)
64°C, (b) 70°C, (c) 76°C, (d) 82°C, and (¢) 88°C
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Failure Temperature Model
Equation (6.5) is produced by substituting the computed values for K and ¢ into
Equation (6.4), this relationship provides an idea of how failure temperature (FT) of

CRM binder varies with crumb rubber concentration.

1000 — In(837.8)

In (G *) (eRes™) Eq. (6.5)
0,64

sind

ft= —1047

A verification of the high end failure temperature model was also performed, as seen in
Figure 6.12 where the average values consistently fell within the 95% confidence
interval. This suggests that the model derived from the combined model was accurate for
the purposes of predicting high end failure temperature given only the virgin G*/sind
value and other variables (e.g., ambient/cryogenic and particle size) of the crumb rubber
to be used. The accuracy of this limited model was seen to be good as the 95%
confidence interval was approximately +/- 3°C. Using the 95% confidence interval also
provides a factor of safety in the prediction of the CRM binder failure temperature, using
the lower value from the confidence interval means that the probability of calculating an

inaccurate failure temperature on the high side is less than 2.5%.
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Figure 6.12: Failure temperature fit for crumb rubber Sources (a) 1, (b) 2, (c) 3, and (d) 4

Analysis of R.q

The R, values were computed for all 462 data points, the R., values were
separated by binder source, crumb rubber grinding procedure, and crumb rubber source
(Table 6.3). This analysis indicated that Binder A yielded the highest R., values
regardless of the crumb rubber used to modify the binder. The ambient grinding
procedure was seen to produce higher R., values then cryogenic grinding of the tires,
while crumb rubber produced from truck tires tended to yield the highest R.,. Particle size
was also an important factor in determining the R, value, the analysis of the R., results
showed that both ambient and cryogenically ground particles produced higher R, values

as the particle size decreased.
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Table 6.3: R., by (a) Binder source, (b) Grinding Procedure, and (c) crumb rubber Source

@)
Binder LSD
Source N Mean R,  Grouping
Venezuela (a) 202 0.102 A
Blend (b) 180 0.088 B
Middle East (c) 78 0.074 C
(b)
Grinding Mean LSD
Procedure N R Grouping
Ambient 202 0.103 A
Cryogenic 230 0.093 B
(©
Crumb
Rubber Mean Grinding LSD
Source N R Procedure Size Composition Grouping
Source 4 32 0.121 Ambient Gradation * Truck Tire A
Passenger Car
Source 7 36 0.103 Ambient .18 mm Tire B
Passenger Car
Source 6 36 0.102 Ambient 425 mm Tire BC
Passenger Car
Source 10 36 0.100 Cryogenic .18 mm Tire C
Passenger Car
Source 3 62 0.098 Ambient Gradation * Tire D
Passenger Car
Source 5 36 0.096 Ambient .85 mm Tire D
Passenger Car
Source 1 62 0.093 Cryogenic Gradation * Tire E
Passenger Car
Source 2 60 0.093 Cryogenic Gradation * Tire E
Passenger Car
Source 9 36 0.092 Cryogenic 425 mm Tire E
Passenger Car
Source 8 36 0.088 Cryogenic .85 mm Tire F

? Gradation corresponds to specifications provided in Table 3.2(a)
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Many of these results are consistent with the literature where ambient ground
rubber has been known to exert greater changes on the binder (Blumenthal, 1994; Putman
& Amirkhanian, 2006; West et al., 1998), while finer crumb rubber particles have also

been seen to produce CRM binders with greater rutting resistance (Putman, 2005).

Task 5: Universal model results

In this section, the results of the nonlinear regression suitability for the test data
are presented. First, the model coefficients are presented along with a discussion of their
significance. Next, the various models are examined with respect to their ability to
predict the experimental values. In this study, R-squared values are presented as a general
indication of the model fit; the 95% confidence interval, the interval within which there is
a 95% probability of locating the mean, was determined as measure of the variability
captured by the model. Therefore, if the mean values of all the experimental data points
are calculated, then the 95% confidence interval would provide an estimate of the ability

of the model to predict accurate values (Ott & Longnecker, 2001).

Model coefficients
The coefficients produced by conducting the nonlinear regression analysis of the
data using SAS are presented in Table 6.4. These coefficients are specific to the binder
modification, therefore, coefficients are presented for virgin binder, cryogenic CRM

binder, and ambient CRM binder.
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Table 6.4: Coefficients for ambient, cryogenic, and virgin binders

Coefficient Ambient Cryogenic Virgin
a 2262.2 3173.0 8212.2
b 0.1036 0.0848 1.000
c -0.1026 -0.1065 -0.1241

The values from Table 6.4 also confirm findings consistent with the literature.
The results indicate that the rate of G*/sind increase is greater for ambient ground crumb
rubber than cryogenic crumb rubber (b value is greater for ambient compared to
cryogenic). The fact that the virgin binder b value is the highest is irrelevant as the crumb
rubber concentration for virgin binder is always zero. Also of note from these findings is
the tendency of the ¢ values to decrease for the CRM binders with respect to the virgin
binder. This indicates the reduced temperature susceptibility of CRM binders compared
to virgin binders. When comparing the CRM binders, the ¢ coefficient for the ambient
crumb rubber is slightly greater than the cryogenic crumb rubber, this indicates that the
CRM binders produced with cryogenically ground crumb rubber are slightly more

susceptible to temperature variations.

G*/sind model
Using the coefficients in Table 6.4, Equation (6.6) was able to encapsulate 94% of
all 450 data points used within the 95% confidence interval.

G *
sind

N13s gaebx+e(D) Eq. (6.6)
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The confidence interval was calculated to be approximately +/- 0.5 kPa. Figure 6.13 is an
illustration of the average values of all the experimental values recorded as well as the
predicted values with the 95% confidence interval. As the viscoelastic behavior of asphalt
binder is temperature dependent, the figure is divided into five commonly used
performance grades (i.e, 64, 70, 76, 82, and 88°C). In this figure, each experimental value
included is actually the average value of all the data points collected at the given crumb
rubber concentration and testing temperature. From these figures it can be seen that the
experimental data consistently falls within the 95% confidence interval, thus suggesting a
good fit for the model. Also, the 95% confidence interval of +/- 0.5 kPa was sufficiently
small to produce accurate results. This range of accuracy was seen to be particularly
useful for the higher crumb rubber concentrations where the G*/sind values are typically

quite high.
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Figure 6.14 illustrates how the predicted values compare with the experimental
values, in this figure the experimental values are plotted together with the predicted
values. The line of equality is representative of a perfect fit between model and
experimental values and it can be seen that the predicted values are generally quite
consistent with the actual values. An R-squared value of 0.86 was determined as an
additional measure of goodness of fit. Regardless of the high coefficient of determination,
it is still preferable to use the model with the 95% confidence intervals as these provide a

measure of the variability inherent in the predictive model.
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Figure 6.14: Experimental and predicted G*/sind values
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Temperature model
It was possible to determine the temperature at which a specified CRM binder

would fail by using Equation (6.7) with the coefficients in Table 6.4.

1 G~
T==]in|-—S8__| _py Eq. (6.7)
¢ (77135,0a)

The analysis of the data using SAS suggests that the 95% confidence interval is +/-
2.7°C; this means that there is a 95% probability of estimating the correct failure
temperature within the interval between +/- 2.7°C of the predicted value. Figure 6.15
provides an illustration of the average values of all the experimental values at their

respective failure temperatures along with the average 95% confidence interval for all the

predicted values.
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From Figure 6.15 it is evident that the model provides an adequate fit for the

experimental data. Figure 6.15 illustrates the average values of all the data points studied

as well as the average values of the predicted failure temperatures. In the event of a

perfect fit between model and experimental values, the line of equality would be

followed. In this case, it can be seen that the temperature model typically tends to slightly

overestimate the actual value. However, when placed within the context of the 95%

confidence interval, the results are seen to be very good. The 95% confidence interval is

seen to consistently capture the required experimental values regardless of temperature,

meaning that the predictive model is accurate with a level of accuracy of +/- 2.7°C.
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Therefore, this shows that given only the unmodified binder viscosity at a temperature of
135°C it is possible to estimate the failure temperature of the binder, for temperatures
greater than 64°C, and a level of accuracy of +/- 2.7°C.

The actual experimental and predicted data points were plotted along with the line
of equality in Figure 6.16, the R-squared value of 0.88 for the line of equality suggests a
good correlation between experimental and predicted values. During testing, G*/sind
values were determined at temperatures between 64 and 88°C, therefore, all experimental

values are at consistent temperatures between 64 and 88°C at intervals of 6°C.
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Figure 6.16: Experimental and predicted failure temperatures for the universal model
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Crumb Rubber Model
The results relating virgin binder viscosity to CRM binder failure temperature

were calculated using Equation (6.8) and the coefficients in Table 6.4.

1 1
x=—3ln|——| —cFT Eq. (6.8)
b{ [(77135,051)] }

The average values of all 450 data points were sorted by crumb rubber concentration and
presented along with the predicted values and the corresponding 95% confidence interval
(Figure 6.17). The goal of this model was to allow the user to estimate the required
amount of crumb rubber to be added to the virgin binder to achieve the desired failure
temperature. Therefore, to validate the model, the same experimental data was used, but
the crumb rubber concentration was assumed to be an unknown variable. Using Equation
(6.8) the crumb rubber concentration was solved for using the given G*/sind,
temperature, virgin viscosity, and appropriate binder coefficients. In the event of a perfect
match between predicted values and experimental values the line of equality would be
followed. In this case, it can be seen that average predicted values were slightly below the
line of equality, which indicates that the predictive model generally tends to produce
values which are slightly lower than the actual value. It is therefore necessary to also take
into consideration the 95% confidence interval as this interval provides a certain margin

of error.
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Figure 6.17: Comparison between observed and predicted average values of crumb rubber content with
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Using the 95% confidence interval, it can be seen that the average experimental
values consistently fall within the interval, this means that 95% of the time the predictive
model is accurate to within +/- 2%. Generally speaking, the model followed the
experimental values quite consistently, the greatest deviation from the experimental
values occurred at 5% crumb rubber where the average predicted value was considerably
lower than the average experimental value. Another advantage of employing the 95%
confidence interval as an indication of the model reliability is that it provides a factor of
safety for the predicted values. This is because if the lower value of the confidence
interval is assumed, then the probability of calculating an incorrectly high number is less

than 2.5%.
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Figure 6.18 was derived by calculating the required amounts of crumb rubber
needed for achieving the experimental G*/sind values, the crumb rubber concentrations
were then back calculated using Equation (5.20) and the resulting predicted values were

compared with the actual concentrations used.
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Figure 6.18: Experimental and predicted crumb rubber percentages (by weight of binder)

In this case, the R-squared value was seen to drop to 0.76 thus suggesting slightly
more variability than the previous two models. The predicted values can be seen to be
slightly skewed under the line of equality indicating that typically the crumb rubber
concentration model tends to underestimate the required amount of crumb rubber to

achieve a desired G*/sind value.
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Task 6: Verification Study

Results from the confirmation study indicated that the models developed were
sufficiently accurate for predicting the binder properties. The fractional factorial design
described in Chapter 3 was used, and resulted in 20 binder testing scenarios. As a result,
the predicted values were analyzed with respect to the predicted values and comments

made.

Viscosity Equation

Verification of the viscosity equation indicated that the experimental values were
closely approximated by the predicted values using Equation 6.3. From Figure 6.19 it can
be seen that as the temperature increased the values tended to converge on the predicted
values. This is because as the binder heats up, other factors such as binder source, crumb
rubber properties, etc. tend to play less of a role in determining the viscosity. As such it
appears that the higher the temperature, the more uniform the viscous behavior of the
asphalt binder.

Figure 6.20 provides an illustration of the entire verification test data plotted
against the line of equality. In the event of a perfect fit between experimental and
predicted values all the data points would be located along the line of equality. It can
therefore be concluded that the model provided a good fit for the data, as the data points

were generally located along the line of equality.
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G*/sind Equation

The verification results also proved the validity of the G*/sind model, as seen in
Figure 6.21. The model produced accurate results regardless of crumb rubber
concentration or temperature. It can also be seen that the predictive model tends to
produce the intermediate value between the high and low. For example, it can be seen
that at 64°C, the 5% and 10% crumb rubber experimental data is somewhat higher than
the predicted value, while for the 15% and 20% it is slightly lower than the predicted
value .This suggests that there is a great deal of variability within CRM binder properties,
but it also shows that the model will generally select an intermediate value.

These findings are also evident in Figures 6.22 and 6.23, here it can be seen that
the experimental data points tend to follow the line of equality. Also, the data does not
appear to be skewed to one direction, this can be seen as approximately the same number
of data points are located above the line of equality as below the line of equality.

Therefore, it may be concluded that the model was able to determine CRM
binder’s G*/sind and failure temperature given only the virgin binder G*/sind value. As it
is conservative to underestimate the failure temperature and G*/sind for design purposes,
it is suggested that the lower confidence interval be used. Doing so, provides an accurate

and conservative estimate.
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Universal model
The verification study suggested that it is possible to predict the rutting

susceptibility and failure temperature of a CRM binder given only the virgin binder
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viscosity at 135°C. As seen in Figure 6.24 the predicted values tended to be accurately

predicted using Equation 6.6. As seen in Figure 6.24, the average experimental values

were within the assigned confidence intervals, however, the experimental data tended to

be the closest as the testing temperature decreased. This phenomenon, is due to the fact

that CRM binders tend to act more uniformly as the temperature increases.
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Figure 6.24: Average Experimental and Predicted Values of G*/sind using G* equation for (a) 5%, (b)
10%, (c) 15%, and (d) 20% crumb rubber (by weight of binder)
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As seen in Figures 6.25-6.27, there was a very strong linear correlation between
the predicted data points and the experimental data points. This suggests that the models
using the virgin binder viscosity as an input value yielded accurate results regarding the
failure temperature, G*/sind values, and crumb rubber concentrations. It is also of value
to note that the experimental data was scattered evenly on both sides of the line of
equality. This indicates that the model was not consistently overestimating or

underestimating the actual value, rather it tended to report the average value.
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CHAPTER SEVEN

SUMMARY, CONCLUSIONS, AND RECCOMENDATIONS FOR FUTURE
RESEARCH

Summary

The purpose of this research was to identify and model critical elements of the
asphalt rubber matrix contributing to the CRM binder properties as measured by
Superpave testing procedures. Initially, an extensive literature review regarding the use,
performance, and estimation of SHRP properties of various CRM binders was conducted.
The findings from the literature review indicated that CRM binder was an established
paving material with a record of improving pavement performance. Previously, other
researchers had attempted to develop models for the prediction of binder properties.
These models are today either not applicable (due to new testing procedures) or not
practical (due to difficulty of application or lack of accuracy). As such, this research
aimed to develop predictive models for estimating binder properties within a certain
range of accuracy. Currently, no such models exist, however, for CRM binder to become
more established in the field of polymer modified asphalts it is necessary that such
models be developed to show the consistency of the product.

The first task in this research involved evaluating the various crumb rubber
sources; this was done in order to gain an understanding of the differences between the
various crumb rubbers. Doing so would permit identification of the important parameters,
thus allowing for an accurate model to be developed. Analysis of the crumb rubbers
involved determination of the glass transition temperature, chemical and visual analysis

by scanning electron microscope. During the second task, the crumb rubber sources were
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reacted at various concentrations (5, 10, 15, and 20% by weight of binder) with two
binder sources. Drained binder samples were also obtained to determine the particle and
interaction effects of the crumb rubber on the various binders. Subsequently, binder tests
were performed on the binders in order to determine which factors had the most effect on
the development of binder properties.

Once the critical parameters were established, other test data was obtained from
research projects conducted at other labs. Doing so allowed a broader model to be
developed, a model which would not be specific to one specific tester and lab facility.
Ultimately a total of 17 virgin binder sources from 10 separate regions were evaluated; a
further 12 crumb rubber sources were used in conjunction with the various binder
sources. These crumb rubber sources used various gradations, grinding mechanisms, and
tire types thus allowing numerous variables to be taken into consideration. Three distinct
models were developed during this research, these were:

1. Viscosity model: this model permitted the estimation of CRM binder viscosity

as a function of crumb rubber content (0-20%) and temperature (135-190°C).
The starting parameters for this model were the virgin binder viscosity at
135°C and the crumb rubber type (ambient or cryogenic).

2. G*/sind and failure temperature model: this model permitted the estimation of

CRM binder’s G*/sind value and failure temperature as a function of crumb
rubber content (0-20%) and temperature (64-94°C). The starting parameters for
this model were the virgin binder G*/sind value at 64°C or the failure

temperature and the crumb rubber type (ambient or cryogenic).
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3. Universal model: this model permitted the estimation of the CRM binder
G*/sind value and failure temperature as a function of crumb rubber content
(0-20%). The starting parameters for this model were the virgin binder

viscosity at 135°C and the type of crumb rubber (ambient or cryogenic).

The nonlinear empirical models for estimation of CRM binder properties were
developed using the nonlinear least squares method. The accuracy of the various models
was evaluated by identifying 95% confidence intervals for the binder property estimation.
Validation of the models was performed using a fractional factorial design with

previously untested CRM binders.

Conclusions

e There is evidence to suggest that increasing crumb rubber concentrations,
regardless of crumb rubber or binder type, results in increasing viscosities, failure
temperatures, and G*/sind values. This confirms that as crumb rubber is added to
the binder, the rutting resistance and viscosity are increased; however, the extent

of this increase is dependent on the type of binder and crumb rubber properties.

e The effect of the crumb rubber in the binder tends to enhance the effects of the
base binder. Therefore, increases in the rutting resistance of CRM binders are still
related to the base binder properties. This indicates that, for CRM binder, the
properties of the base binder typically have a greater influence on the rutting
susceptibility and viscosity of the binder than the properties of the crumb rubber

used in the matrix.
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e Examination of the interaction and particle effects (IE and PE) indicated that the
effects of the crumb rubber on the binder increase as the crumb rubber
concentration increases. Particle effects of ambient ground crumb rubbers are
generally seen to be higher than particle effects for cryogenically ground crumb
rubbers. The particle effect for failure temperature and G*/siné of CRM binders is
thought to be influenced by the surface morphology of the particle. Findings form
the IE and PE indicate that the reaction between rubber and asphalt is largely a
physical one, and less due to interaction effects between the crumb rubber and
binder..

e From the experimental data it was possible to develop a nonlinear empirical
model depicting the viscosity of modified asphalt binders between the
temperatures of 135°C and 190°C. Furthermore, this model was seen to be
accurate for virgin, polymer modified, and CRM binders in this limited research
work. The accuracy of the model was found to be within +/- 0.8 Pa-s. Such a level
of precision allows conservative estimates of binder viscosity to be made using
the 95% upper confidence interval.

¢ During the development of the model, the Rubber coefficient for viscosity (R.,)
was identified as being critical to the accurate determination of CRM binder
properties. This term provides a number which may be used to determine the

impact of the specific crumb rubber on the specific binder.

e It was possible to develop an empirical model depicting the changes in G*/sind

values and failure temperature. The Rubber coefficient for G*/sind (R.,), was an
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important parameter when estimating the rutting susceptibility of a CRM binder,
analysis of the R, indicated that ambient ground crumb rubber yielded higher R,
values and, therefore, also higher G*/sind values.

The lower confidence interval was found to be the most conservative value. Using
the value corresponding to the lower end of the 95% confidence interval, the
probability of selecting an inaccurately high failure temperature was reduced to
less than 2.5%.

The universal model showed that it is possible to develop empirical relationships
describing the change in G*/sind as a function of temperature, virgin binder
viscosity, and crumb rubber concentration. The 95% confidence interval for
determination of G*/sind of binders was found to be approximately +/- 0.5 kPa.
The 95% confidence intervals used for the estimation of failure temperature and
crumb rubber concentration were 2.7°C and 2% crumb rubber (by binder weight),
respectively.

It is suggested that the lower 95% confidence interval be used together with the
predicted value as doing so reduces the probability of producing excessively high
predicted values to less than 2.5%. Specifically, in the case of failure temperature
and G*/sind it is preferable to obtain a conservative value rather than obtaining
inaccurately high values.

An exponential growth model was seen to provide a realistic trend of the change
in G*/sind of binder using both crumb rubber concentration and the temperature

as exponents. The rutting susceptibility was shown by the model to increase with

116

www.manaraa.com



the addition of crumb rubber and decrease with an increase in temperature. Both
of these trends are consistent with how the literature describes the change of CRM

binder G*/sind with respect to temperature and crumb rubber concentration.

Recommendations

Further testing is required with more binders, specifically the effects of the
addition of crumb rubber to other performance grades of binders is of interest.
Such testing would reveal the consistency of the trend for temperature less than
64°C.

It is also suggested that more research is needed in this area to generalize the
findings, specifically in the area of generating more R., and R, data. In particular,
it would be useful to develop more R., and R, data for other binders.

Further research should be undertaken investigating the possibilities of modeling
other binder properties such as low failure temperature, and rate of aging of
modified binders.

For viscosity predictions it is recommended to use the upper confidence interval
value. Doing so provides a conservative value, and also presents a value which
has a probability of 2.5% of being exceeded.

For failure temperature predications it is recommended to use the lower
confidence interval value. This provides a conservative value, and also presents a

temperature which has a probability of 97.5% of being exceeded.
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e For G*/sind predications it is recommended to use the lower confidence interval
value. This provides a conservative value, and also presents a G*/sind value
which has a probability of 97.5% of being exceeded. Using the lower confidence

interval provides a minimum expected value.
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Appendix A

Crumb Rubber Elemental Analysis Test Data

Table A.1: Crumb rubber elemental analysis data for Carbon
% Weight Carbon

Crumb | Crumb Standard Coefficient
Rubber | Rubber Raw | Average | po ...oo of
Source Type Data Variation

78.14
84.51
88.83
1 C 28.01 85.61 3.94 4.61%
86.62
87.52
82.36
84.55
85.23
2 C 2338 84.32 1.41 1.67%
86.37
84.05
87.62
85.52
85.26
3 A 83.64 88.55 5.28 5.96%
97.81
91.47
83.95
87.58
86.35
4 A 91.02 87.52 3.75 4.29%
92.76

83.45
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Table A.2: Crumb rubber elemental analysis data for Oxygen

Crumb
Rubber
Source

Crumb
Rubber

Type

Raw
Data

% Weight Oxygen

Average

Standard
Deviation

Coefficient
of
Variation

17.73
10.98
7.96
9.49
10.35
7.02

10.59

3.80

35.85%

13.69
9.86
11.1

12.13
9.82

11.87

11.41

1.48

12.97%

9.34
8.57
10.14
10.45
12.54
9.73

10.13

1.35

13.34%

10.22
5.72
9.66
3.98
3.38
7.52

6.75

2.87

42.54%
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Table A.3: Crumb rubber elemental analysis data for Aluminum

Crumb
Rubber
Source

Crumb
Rubber

Type

Raw
Data

% Weight, Aluminum

Average

Standard
Deviation

Coefficient
of
Variation

0.29
0.26
0.13
0.15
0.27
0.65

0.29

0.19

64.34%

0.34

0.32
0.19

0.14

0.16

115.42%

S o O

0.52

0.29

0.49

172.12%

O © ©

0.08

0.20

244.95%
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Table A.4: Crumb rubber elemental analysis data for Silicon

Crumb
Rubber
Source

Crumb
Rubber

Type

Raw
Data

% Weight, Silicon

Average

Standard
Deviation

Coefficient
of
Variation

0.54
0.32
0.23
0.12
0.2

0.24

0.18

78.45%

0.36
0.63
0.46
0.51
0.28
0.61

0.48

0.14

29.01%

0.27
3.59
0.27

0.69

1.43

207.41%

0.25

SO O O

0.04

0.10

244.95%
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Table A.5: Crumb rubber elemental analysis data for Sulfur

Crumb
Rubber
Source

Crumb
Rubber

Type

Raw
Data

% Weight, Sulfur

Average

Standard
Deviation

Coefficient
of
Variation

1.5
2.23
1.67
1.51
1.42
2.11

1.74

0.34

19.82%

1.12
2.04
1.69
l1.61
1.99
2.36

1.80

0.43

23.78%

1.42
2.69
2.34
2.58
1.4
2.13

2.09

0.56

26.93%

2.56
3.97
2.51
2.06
221
2.25

2.59

0.70

27.01%

124

www.manharaa.com



Table A.6: Crumb rubber elemental analysis data for Calcium

Crumb
Rubber
Source

Crumb
Rubber

Type

Raw
Data

% Weight, Calcium

Average

Standard
Deviation

Coefficient
of
Variation

1.01
0.41

0.28

0.40

141.55%

0.04

0.09

244.95%

0.14

0.19

137.10%

0.00

0.00
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Table A.7: Crumb rubber elemental analysis data for Chlorine

% Weight, Chlorine

Crumb | Crumb Standard Coefficient
Rubber | Rubber | Raw | Average | oo ..o of
Source Type Data Variation
0
0
0
1 C 0 0.00 0.00 -
0
0
0
0
0
2 C 0 0.00 0.00 -
0
0
0
0
0
3 A 0 0.00 0.00 -
0
0
0
0
0
4 A 1.82 0.30 0.74 244.95%
0
0
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Table A.8: Crumb rubber elemental analysis data for Iron

% Weight, Iron

Crumb | Crumb Standarg | Coefficient
Rubber | Rubber | Raw | Average | oo ..o of
Source | Type Data Variation
0
0
0
1 C 0 0.03 0.08 244.95%
0.19
0
0.5
0
1.31
2 C 053 0.39 0.52 132.46%
0
0
0
0
0
3 A 0 0.00 0.00 -
0
0
0.25
0
0
4 A 0 0.04 0.10 244.95%
0
0
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Table A.9: Crumb rubber elemental analysis data for Zinc

Crumb
Rubber
Source

Crumb
Rubber

Type

Raw
Data

% Weight, Zinc

Average

Standard
Deviation

Coefficient
of
Variation

0.79
1.3
1.18
0.72
0.96
2.45

1.23

0.64

51.57%

1.98
2.58

1.84
1.22
0.92

1.42

0.91

63.95%

1.45
3.22
2.25
2.87
1.52
3.34

2.44

0.83

34.10%

2.76
2.72
1.48
1.12
1.65
2.84

2.10

0.76

36.44%
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Table B.1:CRM binder viscosity experimental data for crumb rubber Source 1

Appendix B

CRM Binder Viscosity Experimental Data

CRM
Source

Binder
Source

%
CRM"

CRM
Type*

Raw Data

Viscosity, Cp

Mean

Standard
Deviation

Coefficient
of
Variation

647.5
650.0
652.5

650.0
650.0
650.0

635.0
635.0
635.0

645.0

7.6

1.2%

837.5
825.0
825.0

850.0
850.0
850.0

912.5
912.5
912.5

863.9

37.7

4.4%

10

1888.0
1875.0
1837.0

1700.0
1663.0
1638.0

1525.0
1487.0
1500.0

1679.2

158.9

9.5%

15

2850.0
2838.0
2825.0

2750.0
2787.0
2750.0

2912.0
2912.0
2975.0

2844.3

773

2.7%

20

4750.0
4787.0
4675.0

5113.0
5050.0
5175.0

5175.0
5238.0
5137.0

5011.1

2134

4.3%

512.5
512.5
497.5

435.0
437.5
435.0

455.0
455.0
455.0

466.1

324

7.0%

500.0
500.0
500.0

487.5
487.5
487.5

487.5
487.5
500.0

493.1

6.6

1.3%

10

787.5
787.5
787.5

862.5
862.5
875.0

1112.0
1112.0
1100.0

920.7

144.7

15.7%

15

1337.0
1337.0
1375.0

1212.0
1212.0
1263.0

1650.0
1625.0
1625.0

1404.0

180.8

12.9%

20

2100.0
2075.0
2075.0

1875.0
1862.0
1900.0

2500.0
2438.0
2425.0

2138.9

253.7

11.9%

"by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table B.2:CRM binder viscosity experimental data for crumb rubber Source 2

CRM
Source

Binder
Source

%
CRM"

CRM
Type*

Raw Data

Viscosity, Cp

Mean

Standard
Deviation

Coefficient
of
Variation

647.5
650.0
652.5

650.0
650.0
650.0

635.0
635.0
635.0

645.0

7.6

1.2%

862.5
862.5
862.5

850.0
850.0
850.0

800.0
800.0
787.5

836.1

30.9

3.7%

10

1050.0
1038.0
1038.0

1013.0
1000.0
1000.0

1050.0
1025.0
1050.0

1029.3

20.7

2.0%

15

2563.0
2575.0
2563.0

3100.0
3088.0
3013.0

3362.0
3375.0
3325.0

2996.0

346.0

11.5%

20

6588.0
6488.0
6412.0

7200.0
7200.0
7275.0

7025.0
7050.0
7287.0

6947.2

352.4

5.1%

5125
5125
497.5

435.0
437.5
435.0

455.0
455.0
455.0

466.1

324

7.0%

675.0
650.0
662.5

537.5
537.5
525.0

550.0
550.0
550.0

581.9

61.3

10.5%

10

762.5
762.5
775.0

700.0
687.5
687.5

712.5
725.0
725.0

726.4

333

4.6%

15

1288.0
1300.0
1250.0

1587.0
1587.0
1587.0

1938.0
1987.0
1925.0

1605.4

291.5

18.2%

20

2388.0
2388.0
2325.0

3225.0
3263.0
3112.0

2487.0
2450.0
2525.0

2684.8

392.8

14.6%

by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table B.3: CRM binder viscosity experimental data for CRM Source 3

Viscosity, Cp
Coefficient
CRM | Binder % CRM Standard of
Source | Source | CRM” Type* Raw Data Mean | Deviation | Variation
647.5 650.0 635.0
0 0 650.0  650.0 6350 | 645.0 1.6 1.2%
652.5 650.0 635.0
962.5 875.0 1000.0
5 A 962.5 875.0 987.5 943.1 52.7 5.6%
962.5 875.0 987.5
2750.0 2625.0 3263.0
A 10 A 2737.0 2588.0 3213.0 | 2861.2 302.5 10.6%
2725.0 2563.0 3287.0
4350.0 4313.0 4488.0
15 A 4325.0  4300.0 4600.0 | 43849 112.9 2.6%
4338.0 4262.0 4488.0
10450.0 12213.0 11000.0
20 A 10362.0 12062.0 11000.0 | 11208.3 723.9 6.5%
3 10700.0 12088.0 11000.0
512.5 435.0 455.0
0 0 512.5 4375 455.0 466.1 32.4 7.0%
497.5 435.0 455.0
612.5 550.0 575.0
5 A 612.5 550.0 575.0 579.2 27.2 4.7%
612.5 550.0 575.0
1150.0 1087.0 1438.0
B 10 A 1125.0 1100.0 1388.0 1214.0 151.9 12.5%
1150.0 1075.0 1413.0
1788.0 2775.0 2825.0
15 A 1775.0 2750.0 2813.0 | 2450.0 497.5 20.3%
1800.0 2737.0 2787.0
6938.0 6775.0 7412.0
20 A 6813.0 6813.0 7113.0 6954.3 221.5 3.2%
6775.0 6813.0 7137.0
by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table B.4: CRM binder viscosity experimental data for CRM Source 4

Viscosity, Cp
Coefficient
CRM | Binder % CRM Standard of
Source | Source | CRM” Type* Raw Data Mean | Deviation | Variation
647.5 650.0 635.0
0 0 650.0  650.0 6350 | 645.0 1.6 1.2%
652.5 650.0 635.0
1138.0 1100.0 1138.0
5 A 1125.0  1100.0 1112.0 | 1118.0 14.4 1.3%
1112.0 1112.0 1125.0
1825.0 2075.0 22250
A 10 A 1825.0 2050.0 2250.0 | 2041.7 181.1 8.9%
1825.0 2050.0 2250.0
6275.0 6225.0 6600.0
15 A 6400.0  6025.0  6550.0 | 6333.3 192.8 3.0%
6150.0 6275.0 6500.0
20850.0 19425.0 21300.0
20 A 19750.0 19350.0 20625.0 | 20186.1 744.8 3.7%
4 19700.0 19700.0 20975.0
512.5 435.0 455.0
0 0 512.5 4375 455.0 466.1 32.4 7.0%
497.5 435.0 455.0
700.0 812.5 962.5
5 A 687.5 837.5 925.0 819.4 106.5 13.0%
687.5 850.0 912.5
950.0 925.0 1163.0
B 10 A 950.0 912.5 1150.0 1012.6 1134 11.2%
950.0 937.5 1175.0
3600.0 3063.0 3737.0
15 A 3588.0 3037.0 3700.0 | 3434.8 299.1 8.7%
3463.0 3050.0 3675.0
5213.0 4762.0 5150.0
20 A 4988.0 4613.0 5025.0 | 4946.1 279.0 5.6%
5113.0 4438.0 5213.0
by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Appendix C

G*/sind results of CRM binder from binder Sources A and B

Table C.1: G*/sind results of CRM binders made with CRM Source 1 tested at 64°C

G*/sing, kPa
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 1.96 2.05 0.13 6.21%
2.14
5 C 3.19 3.13 0.08 2.71%
3.07
A 10 C 743 7.22 0.30 4.11%
7.01
15 C 11.29 10.68 0.86 8.08%
10.07
20 C 14.85 14.07 1.10 7.84%
. 13.29
0 0 1.24 1.26 0.02 1.69%
1.27
5 C 178 1.74 0.06 3.25%
1.70
B 10 C 3.17 3.11 0.09 2.96%
3.04
15 C 4.51 4.44 0.11 2.39%
4.36
20 C 7.10 7.06 0.06 0.80%
7.02
"by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table C.2: G*/sind results of CRM binders made with CRM Source 1 tested at 76°C

G*/sing, kPa
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean | Deviation | Variation
0 0 n/a n/a n/a n/a
n/a
5 C 0.84 0.84 0.01 0.85%
0.83
A 10 C 1.95 1.98 0.04 2.14%
2.01
15 C 3.01 2.88 0.19 6.64%
2.74
20 C 4.10 3.89 0.30 7.83%
3.67
1
0 0 i - - -
5 C i - - -
B 10 C 0.78 0.77 0.01 1.84%
0.76
15 C 1.09 1.07 0.03 2.64%
1.05
20 C 177 1.77 0.01 0.40%
1.76

“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table C.3: G*/sind results of CRM binders made with CRM Source 2 tested at 64°C

G*/sing, kPa
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 1.96 2.05 0.13 6.21%
2.14
5 C 4.25 4.07 0.26 6.44%
3.88
A 10 C 471 4.58 0.18 4.01%
445
15 C 914 9.66 0.74 7.61%
10.18
20 C 13.52 13.80 0.40 2.87%
14.08
2
0 0 1.24 1.26 0.02 1.69%
1.27
5 C 172 1.76 0.05 2.82%
1.79
B 10 C 2.72 2.70 0.03 1.05%
2.68
15 C 4.19 4.13 0.09 2.23%
4.06
20 C 8.88 8.68 0.28 3.26%
8.48
“by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table C.4: G*/sind results of CRM binders made with CRM Source 2 tested at 76°C

G*/sing, kPa
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 ) - - -
5 C 110 1.07 0.04 3.97%
1.04
A 10 C 125 1.22 0.05 4.07%
1.18
15 C 2.62 2.65 0.04 1.60%
2.68
20 C 377 3.85 0.11 2.76%
3.92
2
0 0 i - - -
5 C i - - -
B 10 C 0.70 0.70 0.01 1.02%
0.69
15 C 1.05 1.02 0.04 4.16%
0.99
20 C 2.23 2.22 0.05 2.23%
2.18
“by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table C.5: G*/sind results of CRM binders made with CRM Source 3 tested at 64°C

G*/sing, kPa
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 1.96 2.05 0.13 6.21%
2.14
5 A 3.38 3.29 0.13 4.09%
3.19
A 10 A >.64 5.45 0.28 5.06%
5.25
15 A 14.35 14.05 0.42 3.02%
13.75
20 A 19.70 18.90 1.13 5.99%
18.10
3
0 0 1.24 1.26 0.02 1.69%
1.27
5 A 1.88 1.88 0.01 0.38%
1.87
B 10 A 2.84 2.64 0.28 10.71%
2.44
15 A 4.88 4.79 0.13 2.66%
4.70
20 A 6.58 6.56 0.03 0.43%
6.54
“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
137

www.manharaa.com




Table C.6: G*/sind results of CRM binders made with CRM Source 3 tested at 76°C

G*/sing, kPa
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 ) - - -
5 A 0.83 0.84 0.01 0.85%
0.84
A 10 A 1.49 1.47 0.04 2.41%
1.44
15 A 4.21 4.07 0.20 4.86%
3.93
20 A 6.36 6.10 0.37 6.15%
5.83
3
0 0 i - - -
5 A ) - - -
B 10 A 0.62 0.62 0.00 0.00%
0.62
15 A 129 1.25 0.06 5.11%
1.20
20 A 1.76 1.72 0.06 3.71%
1.67
“by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table C.7: G*/sind results of CRM binders made with CRM Source 4 tested at 64°C

G*/sing, kPa
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 1.96 2.05 0.13 6.21%
2.14
5 A 4.14 3.96 0.25 6.43%
3.78
A 10 A 9.19 8.87 0.46 5.18%
8.54
15 A 14.34 13.63 1.00 7.37%
12.92
20 A 22.68 23.47 1.12 4.76%
24.26
4
0 0 1.24 1.26 0.02 1.69%
1.27
5 A 271 2.51 0.28 11.27%
2.31
B 10 A 4.97 4.97 0.00 0.00%
4.97
15 A 7.13 6.75 0.54 8.07%
6.36
20 A 1.61 11.19 0.59 531%
10.77
“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table C.8: G*/sind results of CRM binders made with CRM Source 4 tested at 76°C

G*/sing, kPa
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 ) - - -
5 A 1.09 1.05 0.06 6.09%
1.00
A 10 A 2.75 2.61 0.21 7.87%
2.46
15 A 3.99 4.02 0.04 1.06%
4.05
20 A 7.27 7.02 0.35 5.04%
6.77
4
0 0 i - - -
5 A 0.73 0.65 0.12 18.64%
0.56
B 10 A 1.32 1.31 0.01 1.08%
1.30
15 A 1.87 1.77 0.14 7.99%
1.67
20 A 3.14 3.07 0.11 3.46%
2.99
“by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Appendix D

Experimental Drained CRM Binder Viscosity Data

Table D.1: Viscosity results of drained CRM binder made with CRM Source 1 at 135°C

Viscosity, Cp
Coefficient
CRM | Binder % CRM Standard of
Source | Source | CRM™ | Type* Raw Data Mean | Deviation | Variation
647.5 650.0 635.0
0 0 650.0 650.0 635.0 | 645.0 7.6 1.2%

652.5 650.0 6350
9225 867.5 965.0
A 10 C 925.0 870.0 962.5 918.1 41.4 4.5%
925.0 865.0 960.0
1372.0 1405.0 1428.0
20 C |1370.0 1400.0 1425.0 | 1399.8 239 1.7%
1375.0 1395.0 1428.0
512.5 4350 4550
0 0 512.5 4375 455.0 | 466.1 32.4 7.0%
497.5 4350 455.0
530.0 5425 560.0
B 10 C 5325 5450 5625 | 545.6 13.5 2.5%
530.0 545.0 562.5
845.0 637.5 670.0
20 C 8475 6375 6700 | 717.5 97.2 13.6%

845.0 6375 667.5

"by weight of binder
0: Virgin; A: Ambient; C: Cryogenic
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Table D.2: Viscosity results of drained CRM binder made with CRM Source 2 at 135°C

Viscosity, Cp
Coefficient
CRM | Binder % CRM Standard of
Source | Source | CRM” | Type" Raw Data Mean | Deviation | Variation
6475 6500 635.0
0 0 650.0 650.0 635.0 | 645.0 7.6 1.2%

652.5 650.0 635.0
832.5 855.0 8575
A 10 C 8325 8525 8575 | 848.6 12.4 1.5%
832.5 855.0 862.5
1298.0 1408.0 1553.0
20 C 1303.0 1403.0 1550.0 | 1418.7 107.3 7.6%

1305.0 1405.0 1543.0

2
512.5 435.0 455.0
0 0 512.5 4375 455.0 | 466.1 32.4 7.0%
497.5 4350 455.0
4850  502.5 500.0
B 10 C 482.5 500.0 502.5 | 494.7 9.4 1.9%
480.0 497.5 502.5
772.5 610.0 6225
20 C 772.5 610.0 6225 668.1 77.9 11.7%
770.0 610.0 6225
by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table D.3: Viscosity results of drained CRM binder made with CRM Source 3 at 135°C

Viscosity, Cp
Coefficient
CRM | Binder % CRM Standard of
Source | Source | CRM” | Type" Raw Data Mean | Deviation | Variation
6475 6500 635.0
0 0 650.0 650.0 635.0 | 645.0 7.6 1.2%

652.5 650.0 635.0
837.5 857.5 965.0
A 10 A 8375 860.0 970.0 | 888.9 60.4 6.8%
840.0 862.5 970.0
1275.0 1265.0 1290.0
20 A 11280.0 1265.0 1286.0 | 1275.6 10.8 0.8%

1278.0 1258.0 1283.0

3
512.5 435.0 4550
0 0 512.5 4375 455.0 | 466.1 324 7.0%
497.5 4350 455.0
485.0 490.0 495.0
B 10 A 4875 4875 4925 | 4894 33 0.7%
487.5 4875 4925
617.5 630.0 7975
20 A 620.0 630.0 795.0 | 6819 85.5 12.5%
6225 630.0 795.0
by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table D.4: Viscosity results of drained CRM binder made with CRM Source 4 at 135°C

Viscosity, Cp
Coefficient
CRM | Binder % CRM Standard of
Source | Source | CRM” | Type" Raw Data Mean | Deviation | Variation
6475 6500 635.0
0 0 650.0 650.0 635.0 | 645.0 7.6 1.2%

652.5 650.0 635.0
1025.0 955.0 920.0
A 10 A 1020.0 950.0 925.0 | 966.1 43.5 4.5%
1020.0 9525 927.5
1533.0 1615.0 1740.0
20 A 115280 1610.0 1737.0 | 1626.8 92.8 5.7%

1523.0 1610.0 1745.0

2
512.5 435.0 4550
0 0 512.5 4375 455.0 | 466.1 324 7.0%
497.5 4350 455.0
4725 4750 485.0
B 10 A 470.0 475.0 485.0 | 4775 6.7 1.4%
470.0 4775 487.5
677.5 702.5 705.0
20 A 675.0 7025 702.5 694.2 13.8 2.0%
675.0 705.0 702.5
by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table E.1: G*/sind results of drained CRM binder made with CRM Source 1

Appendix E

Experimental Drained G*/sind Data

G*/sind, kPa
Coefficient
CRM | Binder % CRM Temperature | Raw Standard of
Source | Source | CRM” Type" °C Data | Mean | Deviation | Variation
0 0 1.96 2.05 0.13 6.27%
2.14
A 10 C 588 5.82 0.08 1.46%
5.76
20 C 10.12 9.98 0.20 1.98%
64 9.84
0 0 1.24 1.26 0.02 1.69%
1.27
B 10 C 2.65 2.39 0.37 15.71%
2.12
20 C 2.72 2.74 0.02 0.78%
2.75
1
0 0 ) - - -
A 10 C 1.36 1.38 0.03 2.05%
1.40
20 C 2.39 2.37 0.04 1.49%
76 2.34
0 0 n/a n/a n/a n/a
n/a
B 10 C 0.60 0.61 0.01 2.32%
0.62
20 C 0.58 0.59 0.01 2.40%
0.60
by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table E.2: G*/sind results of drained CRM binder made with CRM Source 2

G*/sing, kPa
Coefficient
CRM | Binder % CRM Temperature | Raw Standard of
Source | Source | CRM Type* °C Data | Mean | Deviation | Variation
0 0 1.96 2.05 0.13 6.27%
2.14
A 10 C 3.74 3.55 0.28 7.78%
3.35
20 C 741 7.85 0.62 7.93%
64 8.29
0 0 1.24 1.26 0.02 1.69%
1.27
B 10 C 2.64 2.30 0.48 20.91%
1.96
20 C 648 5.95 0.75 12.60%
5.42
2
0 0 i - - -
A 10 C 0.92 0.87 0.07 8.13%
0.82
20 C 1.85 1.94 0.13 6.56%
76 2.03
0 0 i - - -
B 10 C i - - -
20 C 1.36 1.27 0.13 10.02%
1.18
by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table E.3: G*/sind results of drained CRM binder made with CRM Source 3

G*/sing, kPa
Coefficient
CRM | Binder % CRM Temperature | Raw Standard of
Source | Source | CRM Type* °C Data | Mean | Deviation | Variation
0 0 1.96 2.05 0.13 6.27%
2.14
A 10 C 3.64 3.51 0.19 5.45%
3.37
20 C 7.33 6.97 0.52 7.41%
64 6.60
0 0 1.24 1.26 0.02 1.69%
1.27
B 10 C 2.58 2.25 0.47 20.74%
1.92
20 C 3.06 2.79 0.38 13.69%
2.52
3
0 0 i - - -
A 10 C 0.88 0.84 0.06 6.73%
0.80
20 C 1.80 1.75 0.08 4.46%
76 1.69
0 0 i - - -
B 10 C 0.54 0.53 0.01 2.67%
0.52
20 C 0.66 0.62 0.06 10.35%
0.57
by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table E.4: G*/sind results of drained CRM binder made with CRM Source 4

G*/sing, kPa
Coefficient
CRM | Binder % CRM Temperature | Raw Standard of
Source | Source | CRM Type* °C Data | Mean | Deviation | Variation
0 0 1.96 2.05 0.13 6.27%
2.14
A 10 C 4.66 4.66 0.00 0.00%
4.66
20 C 12.14 11.96 0.26 2.19%
64 11.77
0 0 1.24 1.26 0.02 1.69%
1.27
B 10 C 1.97 1.96 0.02 1.09%
1.94
20 C 3.95 3.85 0.14 3.67%
3.75
4
0 0 i - - -
A 10 C 1.16 1.15 0.01 1.23%
1.14
20 C 2.90 2.81 0.13 4.53%
76 2.72
0 0 i - - -
B 10 C i - - -
20 C 0.87 0.86 0.01 1.64%
0.85
by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Appendix F

Experimental Data for Failure Temperature

Table F.1: Experimental data for failure temperature for CRM Source 1

Failure Temperature, °C
Coefficient
CRM Binder % CRM Raw Standard of
Source | Source CRM’ Type” Data Mean Deviation | Variation
0 0 69.8 70.1 0.4 0.6%
70.4
5 C 4.4 74.3 0.2 0.3%
74.1
A 10 C 84.1 83.3 1.1 1.4%
82.5
15 C 86.9 86.5 0.6 0.7%
86.0
20 C 208 90.0 1.2 1.3%
89.1
1
0 0 657 65.8 0.1 0.2%
65.9
5 C 68.8 68.6 0.3 0.4%
68.4
B 10 C 738 73.7 0.1 0.2%
73.6
15 C 76.8 76.7 0.2 0.3%
76.5
20 C 81.4 81.4 0.0 0.0%
81.4
by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table F.2: Experimental data for failure temperature for CRM Source 2

Failure Temperature, °C
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 69.8 70.1 0.4 0.6%
70.4
5 C 768 76.6 0.4 0.5%
76.3
A 10 C 780 77.8 0.3 0.4%
77.6
15 C 84.8 85.4 0.8 0.9%
85.9
20 C 89.5 89.7 0.2 0.2%
89.8
2
0 0 63.7 65.8 0.1 0.2%
65.9
5 C 68.4 69.4 1.3 1.9%
70.3
B 10 C 727 72.7 0.1 0.1%
72.6
15 C 765 76.2 0.4 0.6%
75.9
20 C 83.9 83.8 0.1 0.2%
83.7
“by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table F.3: Experimental data for failure temperature for CRM Source 3

Failure Temperature, °C
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 69.8 70.1 0.4 0.6%
70.4
5 A 744 74.4 0.0 0.0%
74.4
A 10 A 823 80.9 2.1 2.5%
79.4
15 A oLl 90.4 1.0 1.1%
89.7
20 A 958 95.1 1.1 1.1%
94.3
3
0 0 63.7 65.8 0.1 0.2%
65.9
5 A 69.4 69.4 0.1 0.1%
69.3
B 10 A 723 72.1 0.4 0.5%
71.8
15 A 783 78.2 0.5 0.6%
77.8
20 A 81.3 81.1 0.3 0.3%
80.9
“by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table F.4: Experimental data for failure temperature for CRM Source 4

Failure Temperature, °C
Coefficient
CRM Binder % CRM Raw Standard of
Source Source CRM” Type* Data Mean Deviation | Variation
0 0 69.8 70.1 0.4 0.6%
70.4
5 A 767 76.4 0.5 0.6%
76.0
A 10 A 87.3 86.1 1.8 2.1%
84.8
15 A 89.9 91.6 2.3 2.5%
93.2
20 A 93.9 94.6 0.9 1.0%
95.2
4
0 0 63.7 65.8 0.1 0.2%
65.9
5 A 73.0 71.9 1.6 2.2%
70.8
B 10 A 786 78.5 0.1 0.2%
78.4
15 A 82.4 81.9 0.7 0.9%
814
20 A 88.7 87.7 14 1.6%
86.7
“by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Appendix G

Experimental Data for Viscosity (Putman)

Table G.1: Viscosity results of CRM binders made with binder Source A tested at 135°C

Binder
Source

%
CRM"

CRM
Type”

CRM
Size
(mm)

Raw Data

Viscosity, Pa-s

Mean

Standard
Deviation

Coefficient of
Variation

0

0

0.67
0.67
0.67

0.69
0.69
0.69

0.73
0.73
0.73

0.69

0.03

4.02%

10

0.85

2.28
2.30
2.33

2.34
2.35
2.36

235
2.34
2.35

2.33

0.03

1.20%

0.425

2.53
2.53
2.53

2.56
2.56
2.56

2.60
2.59
2.59

2.56

0.03

1.14%

0.18

2.71
2.70
2.70

2.73
2.71
2.71

2.71
2.70
2.70

2.71

0.01

0.33%

0.85

1.85
1.83
1.79

1.85
1.90
1.85

1.93
1.85
1.86

1.86

0.04

2.13%

0.425

1.71
1.71
1.71

1.75
1.75
1.75

1.75
1.74
1.74

1.73

0.02

1.02%

0.18

1.75
1.75
1.75

1.76
1.75
1.75

1.78
1.76
1.76

1.76

0.01

0.52%

15

0.85

4.70
4.75
4.68

5.00
5.74
4.63

455
4.64
4.49

4.80

0.38

7.98%

0.425

5.59
5.59
5.54

5.40
5.38
5.38

5.50
545
543

547

0.09

1.56%

0.18

6.01
5.99
5.95

5.96
5.94
5.90

6.04
6.00
5.98

5.97

0.04

0.69%

0.85

3.16
3.21
3.23

3.21
3.18
3.21

3.31
3.26
3.30

3.23

0.05

1.60%

0.425

2.90
2.90
2.89

3.03
3.03
3.00

2.99
2.96
2.96

2.96

0.05

1.82%

0.18

3.30
3.29
3.28

3.29
3.28
3.28

3.34
333
3.33

3.30

0.02

0.75%

"by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table G.2: Viscosity results of CRM binders made with binder Source B tested at 135°C

Binder %
Source | CRM”

CRM
Type*

CRM
Size
(mm)

Raw Data

Viscosity, Pa-s

Standard
Mean Deviation

Coefficient of
Variation

0

0

0.47
0.47
0.47

0.47
0.47
0.47

0.47
0.47
047

0.47 0.00

0.23%

10

0.85

1.59
1.56
1.58

1.63
1.31
1.33

1.74
1.64
1.61

1.55 0.14

9.15%

0.425

1.43
1.41
1.41

1.40
1.39
1.39

1.41
1.43
1.41

1.41 0.01

0.98%

0.18

1.46
1.45
1.45

1.45
1.44
1.44

1.45
1.45
1.44

1.45 0.01

0.55%

0.85

1.60
1.63
1.61

1.45
1.36
1.41

1.38
1.38
1.39

1.47 0.11

7.66%

0.425

1.13
1.14
1.14

1.14
1.15
1.14

1.11
1.11
1.11

1.13 0.01

1.27%

0.18

1.10
1.09
1.09

1.09
1.08
1.08

1.08
1.08
1.08

1.08 0.01

0.83%

15

0.85

2.93
2.76
2.88

2.84
2.86
2.81

2.88
2.73
2.81

2.83 0.06

2.17%

0.425

3.50
3.51
3.51

3.58
3.56
3.53

3.53
3.50
3.50

3.52 0.03

0.78%

0.18

3.89
3.86
3.85

3.94
391
3.89

391
3.90
3.88

3.89 0.03

0.70%

0.85

2.00
2.14
2.04

2.21
2.03
2.23

2.26
2.20
2.16

2.14 0.10

4.53%

0.425

1.73
1.71
1.71

1.70
1.69
1.70

1.79
1.79
1.78

1.73 0.04

2.32%

0.18

1.95
1.94
1.94

1.86
1.86
1.86

1.85
1.85
1.85

1.88 0.04

2.31%

“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table G.3: Viscosity results of CRM binders made with binder Source C tested at 135°C

Binder %
Source | CRM”

CRM
Type*

CRM
Size
(mm)

Raw Data

Viscosity, Pa-s

Standard
Mean Deviation

Coefficient of
Variation

0

0

0.43
0.43
0.43

0.43
0.43
0.43

0.43
0.43
043

0.43 0.00

0.54%

10

0.85

1.49
1.50
1.45

1.39
1.40
1.35

1.63
1.50
1.50

1.47 0.08

5.57%

0.425

1.40
1.40
1.39

1.30
1.29
1.30

1.40
1.40
1.39

1.36 0.05

3.70%

0.18

1.44
1.43
1.43

1.46
1.46
1.45

1.49
1.48
1.48

1.46 0.02

1.54%

0.85

1.23
1.29
1.21

1.28
1.33
1.31

1.19
1.19
1.24

1.25 0.05

4.16%

0.425

1.71
1.71
1.71

1.75
1.75
1.75

1.75
1.74
1.74

1.73 0.02

1.02%

0.18

1.09
1.09
1.09

1.08
1.06
1.06

1.06
1.06
1.06

1.07 0.01

1.09%

15

0.85

3.06
3.08
3.11

3.14
3.03
3.29

2.83
2.96
2.94

3.05 0.13

4.34%

0.425

3.53
3.50
3.50

3.55
3.55
3.53

348
3.50
3.49

3.51 0.03

0.76%

0.18

3.83
3.80
3.78

3.85
3.84
3.81

3.80
3.78
3.75

3.80 0.03

0.85%

0.85

2.05
2.13
2.03

2.13
2.21
2.28

2.18
2.29
2.21

2.17 0.09

4.25%

0.425

2.06
2.05
2.04

1.96
1.96
1.95

2.00
1.99
1.98

2.00 0.04

2.09%

0.18

2.00
1.99
1.98

1.98
1.96
1.96

1.95
1.94
1.94

1.97 0.02

1.08%

“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Appendix H

Experimental Data for G*/sind (Putman)

Table H.1: G*/sind results of CRM binder made with binder Source A at 64°C
G*/sing, kPa

Binder CRM | Raw | Mean | Standard | Coefficient
Source | 9% | CRM | Size | Data Deviation of
CRM" | Type' | (mm) Variation
1.98
0 0 0 2.02 2.01 0.03 1.30%
2.02
7.36
0.85 7.31 7.30 0.07 0.96%
7.23
7.56
A 0.425 7.25 7.37 0.16 2.19%
7.32
6.34
0.18 6.56 6.39 0.15 2.30%
6.28
6.16
0.85 6.37 6.33 0.16 2.58%
6.48
6.22
C 0.425 6.19 6.27 0.10 1.67%
6.39
5.72
A 0.18 5.73 5.72 0.01 0.19%
5.71
11.18
0.85 10.79 | 11.22 0.45 4.04%
11.69
11.40
A 0.425 11.06 | 11.22 0.17 1.49%
11.20
10.51
0.18 10.51 10.50 0.02 0.20%
10.47
9.75
0.85 10.70 | 10.73 1.00 9.31%
11.74
9.77
C 0.425 9.57 9.77 0.20 2.10%
9.98
9.80
0.18 941 9.60 0.19 2.02%
9.58

10

15

by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table H.2: G*/sind results of CRM binder made with binder Source A at 76°C

G*/sind, kPa

Binder CRM Coefficient
Source | 9% | CRM | Size SZ;’ZI Mean gﬁ/’:gﬁgﬂ of
CRM™ | Type' | (mm) Variation
0.53
0 0 0 0.51 0.52 0.01 2.41%
0.52
1.85
0.85 1.93 2.04 0.27 13.25%
2.35
2.05
A 0.425 2.15 2.09 0.05 2.43%
2.08
1.87
0.18 1.87 1.87 0.01 0.54%
1.86
1.62
0.85 1.65 1.72 0.15 8.45%
1.89
1.62
C 0.425 1.61 1.61 0.01 0.83%
1.59
1.60
A 0.18 1.53 1.57 0.03 2.22%
1.57
3.36
0.85 3.53 3.46 0.09 2.57%
3.49
3.55
A 0.425 3.55 3.58 0.04 1.25%
3.63
3.17
0.18 3.15 3.15 0.01 0.45%
3.14
2.86
0.85 2.95 2.95 0.09 3.20%
3.05
2.68
C 0.425 2.77 2.77 0.09 3.36%
2.86
2.64
0.18 2.74 2.64 0.11 4.07%
2.52

10

15

"by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table H.3: G*/sind results of CRM binder made with binder Source B at 64°C

G*/sind, kPa

Binder CRM Coefficient
Source | 9% | CRM | Size SZ;’ZI Mean gﬁ/’:gﬁgﬂ of
CRM™ | Type' | (mm) Variation
1.54
0 0 0 1.57 1.54 0.03 2.17%
1.50
3.73
0.85 3.40 3.71 0.30 8.10%
4.01
3.31
A 0.425 3.25 3.30 0.04 1.35%
3.34
3.33
0.18 3.42 3.35 0.06 1.77%
3.31
3.72
0.85 3.82 3.69 0.14 3.81%
3.54
3.18
C 0.425 3.26 3.21 0.04 1.31%
3.21
3.15
B 0.18 3.13 3.13 0.03 0.82%
3.10
5.83
0.85 5.70 5.60 0.28 5.01%
5.29
5.85
A 0.425 5.64 5.81 0.15 2.64%
5.94
5.30
0.18 5.19 5.24 0.06 1.08%
5.24
5.41
0.85 5.17 5.24 0.15 2.88%
5.13
4.77
C 0.425 4.63 4.67 0.08 1.78%
4.62
4.68
0.18 4.50 4.59 0.09 1.97%
4.59

10

15

"by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table H.4: G*/sind results of CRM binder made with binder Source B at 76°C

G*/sind, kPa

Binder CRM Coefficient
source | 9% |CRM | size SZ;’ZI Mean gﬁ/’:gﬁgﬂ of
CRM™ | Type* | (mm) Variation
0.32
0 0 0 0.32 0.32 0.00 1.44%

0.33

0.85 1.28 1.27 0.02 1.70%
1.25
0.93
A 0.425 1.00 0.96 0.03 3.39%
0.97
0.83
0.18 0.86 0.87 0.04 4.96%
0.91
0.87
0.85 0.87 0.85 0.04 4.23%
0.81
0.82
C 0.425 0.82 0.84 0.03 3.92%
0.88
0.76
B 0.18 0.83 0.80 0.04 4.53%
0.82
1.71
0.85 1.64 1.76 0.16 8.82%
1.93
1.72
A 0.425 1.65 1.71 0.05 2.89%
1.75
1.54
0.18 1.50 1.50 0.03 2.25%
1.47
1.36
0.85 1.39 1.44 0.12 8.59%
1.59
1.45
C 0.425 1.42 1.41 0.05 3.77%
1.35
1.21
0.18 1.25 1.23 0.02 1.61%
1.22

10

15

"by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table H.5: G*/sind results of CRM binder made with binder Source C at 64°C

G*/sind, kPa

Binder CRM Coefficient
Source | % | CRM | Size SZ;’ZI Mean gg:gﬁ;ﬂ of
CRM™ | Type* | (mm) Variation
1.35
0 0 0 1.34 1.36 0.03 1.95%

1.39

0.85 - - - -

3.99
A 0.425 4.09 4.00 0.09 2.22%
391
3.96
0.18 4.00 3.95 0.06 1.46%
3.89
5.52
0.85 5.48 5.11 0.68 13.25%
4.33
4.01
C 0.425 3.88 3.82 0.22 5.87%
3.57
3.64
C 0.18 3.56 3.57 0.07 1.90%
3.51
6.59
0.85 6.28 6.38 0.18 2.90%
6.27
5.95
A 0.425 6.05 5.98 0.06 1.03%
5.94
5.28
0.18 523 5.28 0.05 0.89%
532
5.51
0.85 5.19 5.38 0.17 3.08%
5.44
5.18
C 0.425 5.01 5.08 0.09 1.85%
5.04
4.71
0.18 4.77 4.74 0.03 0.72%
4.72

10

15

by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic
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Table H.6: G*/sind results of CRM binder made with binder Source C at 76°C

G*/sind, kPa

Binder CRM Coefficient
Source | 9% | CRM | Size SZ;’ZI Mean gﬁ/’:gﬁgﬂ of
CRM™ | Type' | (mm) Variation
0.36
0 0 0 0.34 0.36 0.01 3.31%
0.36
1.00
0.85 1.14 1.10 0.09 8.08%
1.17
0.98
A 0.425 0.98 1.00 0.04 4.27%
1.05
0.90
0.18 0.94 0.92 0.02 1.84%
0.93
0.82
0.85 0.89 0.85 0.04 4.43%
0.83
091
C 0.425 0.90 0.89 0.02 2.12%
0.87
0.81
C 0.18 0.77 0.79 0.02 2.64%
0.80
1.72
0.85 1.76 1.68 0.12 6.87%
1.55
1.72
A 0.425 1.77 1.73 0.03 1.95%
1.71
1.52
0.18 1.56 1.53 0.03 1.83%
1.51
1.34
0.85 1.21 1.28 0.07 5.33%
1.31
1.24
C 0.425 1.26 1.26 0.02 1.24%
1.27
1.22
0.18 1.23 1.22 0.01 0.54%
1.22

10

15

"by weight of binder
“0: Virgin; A: Ambient; C: Cryogenic

161

www.manharaa.com




Appendix [

Viscosity Verification Data

Table I.1: Viscosity results of CRM binder made with binder Source M

Viscosity, Cp

(5 4 [5) Y=
o S (@]
ot X c fD S (1] T < c
S5/ 8|2 S8 < c SS | §8

T = o |9 = @] I =] =t
L les| 2| g s g9 o 2z S .8

= Qo c —
S 83| x| 8| 2|Fg™ 3 > 83 | E&

m v — = © - o S &
@ O | @ | X S [0 [oNa) 3>
@) O ~ )

600.00 595.00 602.50
- M 0 ' 0 135 600.00 597.50 605.00 599.72 3.84 0.64%
597.50 595.00 605.00
3438.00 3138.00 3100.00

F
3 M 15 8 A 135 3388.00 3237.00 3063.00 | 3226.67 | 135.12 | 4.19%
<
3350.00 3188.00 3138.00
S 175.00 150.00 162.50
13 M 5 8 C 180 175.00 150.00 162.50 | 162.50 | 10.83 | 6.66%
wnn

175.00  150.00 162.50
400.00  287.50  212.50

=
2 M 10 8 C 180 425.00 300.00 225.00 | 306.94 | 82.47 | 26.87%
<
400.00  287.50  225.00
g 800.00 812.50  800.00
17 M 5 2 C 140 812.50 812.50 812.50 | 808.33 6.25 0.77%
s 800.00 812.50 812.50
S 425.00 450.00 462.50
12 M 10 8 A 180 425.00 450.00 462.50 | 445.83 16.54 | 3.71%
s 425.00 450.00 462.50
g 400.00  375.00  387.50
20 M 5 g | A 160 400.00 375.00 387.50 | 387.50 | 10.83 | 2.79%
S 400.00  375.00 387.50
S 2463.00 2463.00 2350.00
14 M 10 8 A 135 2450.00 2463.00 2350.00 | 2422.44 | 5459 | 2.25%
s 2450.00 2463.00 2350.00
"by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table 1.2: Viscosity results of CRM binder made with binder Source N

Viscosity, Cp
§ x c +® 8 © T < qa c
2588 |8 FlxBa g c | 28] E8
A o = © F |2 s0 [a) ] ol =
c3| =2 | © O D > B g s °.8
S oy x s | =2 |F g_v 3 = S 3 Es
o O | ¢ | & o o » 0 3>
@) o ~ &)
550.00 555.00 555.00
- N 0 - 0 135 550.00 552.50 552.50 | 552.78 2.32 0.42%
550.00 555.00 555.00
g 76250 925.00  712.50
16 N 5 e C 140 76250  925.00 71250 | 798.61 | 91.95 | 11.51%
<t
o 775.00  900.00 712.50
e~ 475.00 425.00 550.00
2 N 10 8 C 160 475.00 425.00 525.00 | 477.78 | 47.51 9.94%
<
475.00 425.00 525.00
g 1400.00 1625.00 1575.00
15 N 15 2 C 150 1500.00 1675.00 1525.00 | 1522.22 | 107.85 | 7.09%
o0
S 1350.00 1600.00 1450.00
— 1925.00 1913.00 1612.00
2 N 20 8 C 160 1862.00 1938.00 1625.00 | 1804.11 | 135.37 | 7.50%
< 1837.00 1875.00 1650.00
5 4675.00 5225.00 5025.00
14 N 20 8 A 140 4550.00 5000.00 5100.00 | 4919.44 | 248.99 | 5.06%
« 4600.00 4950.00 5150.00
"by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table 1.3: Viscosity results of CRM binder made with binder Source O

Viscosity, Cp
[<5) [«5) Y=
e x c o s o] c 8 c
Slss[s |2 8].2 5 c | 5S| Es
A |loT = © Flo <0 o © - & =5
c3| 2| © O DG > @ S © °.8
> a3 8| 12 |TET 3 2 | s3 | £
& ©|6] ¢ . o1 8”
500.00 495.00 492.50
- o 0 - 0 135 500.00 495.00 492.50 | 495.83 331 0.67%
500.00 495.00 492.50
g 2900.00 2750.00 2225.00
16 (0] 20 q C 140 2875.00 2750.00 2200.00 | 2608.33 | 305.93 | 11.73%
<t
o 2850.00 2725.00 2200.00
g 200.00 275.00 275.00
17 (0] 10 2| C 180 200.00 275.00 275.00 | 252.78 | 34.11 | 13.49%
= 225.00 27500  275.00
“by weight of binder
0: Virgin; A: Ambient; C: Cryogenic
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Table 1.4: Viscosity results of CRM binder made with binder Source P

Viscosity, Cp
§ . c | ‘o 2 I o c S c
s 58|82 |8lxEn = c | E&| 8
) - = I~ Flas0O (a) ] ol =5
c3| =2 | © O D > g s o8
v ©O|lo|&x & x o | 8>
O o o
435.00 430.00 432.50
- P 0 - 0 135 435.00 430.00 432.50 | 432.50 2.17 0.50%
435.00  430.00 432.50
— 1900.00 1500.00 1700.00
2 P 15 8 C 135 1850.00 1425.00 1675.00 | 1675.00 | 183.71 | 10.97%
<
1825.00 1425.00 1775.00
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table 1.5: Viscosity results of CRM binder made with binder Source Q

Viscosity, Cp
Sl ale |88l S g vs| £
$|8E| 2|5 |Fl8co S § | S5 | 2%
S 83| x | g|2|Feg* 2 > S% | E5
04 o o | & o 04 (oNal S >
@) o ~ O
435.00 430.00 432.50
- Q 0 - 0 135 435.00 430.00 432.50 | 432.50 2.17 0.50%
435.00 430.00 432.50
g 675.00 76250  875.00
19 Q 10 QA 160 687.50 775.00 875.00 | 772.22 | 85.42 | 11.06%
S 675.00  750.00  875.00
g 1400.00 1313.00 1275.00
17 Q 15 2 C 160 1413.00 1313.00 1275.00 | 1329.33 | 58.35 | 4.39%
= 1400.00 1300.00  1275.00
g 1313.00 1438.00 1587.00
16 Q 15 Q C 150 1288.00 1487.00 1625.00 | 1451.44 | 133.59 | 9.20%
S 1275.00  1475.00 1575.00
é 1150.00 1438.00 1138.00
18 Q 15 S| A 160 1175.00 1362.00 1050.00 | 1234.89 | 141.16 | 11.43%
oc>o' 1163.00 1438.00 1200.00
g 32500 325.00  325.00
17 Q 5 2 C 150 32500 325.00 325.00 | 325.00 0.00 0.00%
= 325.00  325.00  325.00

"by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic

166

www.manaraa.com



Appendix J

G*/sind Verification Data

Table J.1: G*/sind results of CRM binder made with binder Source M at 64°C

G*/sind kPa
3 . c | o e © - G -
Slss| 2|2 |8|.8 | 2| < |EE| €8
A S = © F | < %) [a) [ SR 2 E
c 3 E © ﬁ 8_ 5] ; QL c - Q =
p= m uo) o o = £ ~ © = 8 0>J £
4 O | | & S 4 7 a) s>
O O — O
2.48
- M 0 0 64 2.18 0.42 | 19.46%
1.88
= 4.94
3 M 15 8 A 64 537 0.61 | 11.32%
< 5.80
5 3.22
13 M 5 8 C 64 3.17 0.08 | 2.46%
%5 3.11
[ 4.02
2 M 10 8 C 64 4.24 0.31 7.34%
< 4.46
g 3.90
17 M 5 2 C 64 4.04 0.20 | 4.90%
= 4.18
S 7.61
12 M 10 8 A 64 7.46 0.21 2.84%
%) 7.31
g 433
20 M 5 2 A 64 3.94 0.56 | 14.20%
= 3.54
by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.2: G*/sind results of CRM binder made with binder Source M at 70°C

G*/sind kPa
3 c | o et © G

Slsg| 8|58~ E| < |2E| 58

A S = < Fla <O o [ - B 28

E > 2 © ﬁ go ; L C = Q =

z|1°% 6|5 2|5 | & % |88 8¢

O ©Olo| @ 3

1.31

- M 0 - 0 70 1.10 | 0.30 | 27.00%
0.89
[ 3.22

3 M 15 8 A 70 3.27 0.06 | 1.95%
< 3.31
S 1.57

13 M 5 8 C 70 1.53 0.06 | 3.70%
A 1.49
[ 1.89

2 M 10 8 C 70 2.12 0.33 | 15.34%
< 235
g 1.89

17 M 5 g | C 70 1.76 0.18 | 10.45%
= 1.63
S 4.03

12 M 10 8 A 70 3.96 0.10 | 2.50%
V7 3.89
g 1.99

20 M 5 2| A 70 1.89 0.14 | 7.48%
= 1.79

'by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.3: G*/sind results of CRM binder made with binder Source M at 76°C

G*/siné kPa

8 X e o < o] [ S c

S |58 8|S |5|,84 B | 5 |ES| ES

A S = < Fla <O o [ - B 28

E > 2 © ﬁ go ; L C = Q =

z|1°% 6|5 2|5 | & % |88 8¢

O ©Olo| @ 3

0.81

- M 0 - 0 76 0.81 - -
= 1.85

3 M 15 8 A 76 1.89 0.05 | 2.63%
< 1.92
S 0.80

13 M 5 8 C 76 0.79 0.02 | 2.70%
) 0.77
[ 0.97

2 M 10 8 C 76 1.15 0.25 | 22.14%
< 1.33
g 0.96

17 M 5 2| C 76 091 0.08 | 8.59%
= 0.85
S 2.15

12 M 10 8 A 76 2.10 0.07 | 3.37%
n 2.05
g 1.00

20 M 5 2| A 76 0.94 0.08 | 8.03%
= 0.89

'by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.4: G*/sind results of CRM binder made with binder Source M at 82°C

G*/sind kPa
5] c | ‘o g © = c "'SC
x S S +—
S 58/ 8|S| S8 ® c | 58] ES
S | E ] Fla <O o I} - B 28
c 3| = O L v 3 L c = Q.=
S|88| | S|2"E7 8| = | 28| §8
@ n
3] Olo| g S
- Mo | 0] 8 - - ; )
[_4
3 M 15| 81al s2 | MO0 16 | 008 | 673%
<
1.21
S
B3| M |5 |&]C| 8 - - ; ]
O
wn
=
> M 10|88 |c| 82 | %70 | o7 | - -
<
=
= -
17 M |5 |g|c| 8 - ; ]
S _
S 1.1
2| M |10 &]A] 8 AT 113 | 006 | 5.66%
%
1.08
=
= -
20| M |5 | g|A| 8 ; ; _
S _
"by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.5: G*/sind results of CRM binder made with binder Source M at 88°C

G*/sind kPa
§ X c +3 g fg o C E c
3|88 3|25 uE~ 3 c |s2| §2
» |8 s | F 1850 3 TE| T
S3| 2|3 e IR = csS| gC
=882 |c|2"E7| & 2 83| 88
O ©lc| &2 = ? 3
- M | 0 - 10 88 ) - - -
5 0.64
3 M | 15 8 A 88 ‘ 0.66 | 0.02 | 3.24%
<
0.67
S
13| M 51 a|cC 88 ) - - -
@)
n
[_‘ -
2 | M |10 8] c| s8 - - -
<
g
g R
17 | M 51 gC 88 - - -
s )
S 0.64
2| M |10]&]|A 88 : 0.61 | 0.04 | 6.96%
3
0.58
g
g R
20 | M 51 g A 88 - - -
s )
"by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.6: G*/sind results of CRM binder made with binder Source N at 64°C

G*/sind kPa
8 N P R o 5
Slss(s|S|2|.2 | B | c |ES|ES8
» 85| s | 8| E|g50 2 g |28| o8
> |58 2| E|2"2% | = |S3| 85
o 1d » A0 >
O ©Olo| g S
- N 0 - 0 64 1.96 1.93 0.04 | 2.20%
1.90
:
16 N 5 2 C 64 3.67 3.81 0.19 | 5.02%
<
< 3.94
[_4
2 N 10 8 C 64 6.90 6.93 0.04 | 0.61%
<
6.96
g
£ 8.98
15 N 15 2 C 64 8.61 0.52 | 6.08%
o0
< 8.24
=
2 N 20 8 C 64 13.70 12.99 | 1.00 | 7.73%
<
12.28
[5 15.13
14 N 20 a | A 64 ’ 15.12 | 0.02 | 0.14%
7
15.10
“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.7: G*/sind results of CRM binder made with binder Source N at 70°C

G*/sind kPa
3 ) c | & . 5
Siss|s|S|&l.2 | §| < |E8| €8
» |85 s |§|E|1850] 2 g |28| o8
= a8k g|2FE% 3| 2 |22| 8¢
[n'd "m0
O ©lc| &2 = g~
- N O] -0 70 0921 989 | 0.05 | 5.59%
0.85
g
& 1.72
6| N |5 | o |[C| 70 1.74 | 0.03 | 1.63%
<
S 1.76
[_4
2| N 10| 8]c| 70 348 1 348 | 0.01 | 0.20%
<
3.47
g
£ 4.55
15| N [ 15| 2 ]C| 70 440 | 022 | 4.99%
[o2e)
S 4.24
=
2 | N 20| 8| c| 70 706 1 675 | 044 | 6.49%
<
6.44
[—1
o
14| N |2 |&]A]| 70 830 1 su1 | 015 | 1.77%
3
8.51
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.8: G*/sind results of CRM binder made with binder Source N at 76°C

G*/sind kPa
8 X c +‘U e © c “6 c
s |58/ 8|2 5|48~ B | ¢ |ES|ES
A S = 5] F a2 <0 (a) ] - B 28
£ 3 = he] |°_" 53 = 5 c = 2.
Z55 85|25 | & | % |88 %S
O ©lc| &2 3
- N 0 - 10 76 ) - - -
g
& 0.83
16 N 5 2 C 76 0.87 0.05 | 5.72%
<
< 0.90
[_4
2 N 10 8 C 76 178 1.78 0.00 | 0.00%
<
1.78
g
& 2.36
15 N 15 2 C 76 2.27 0.13 | 5.61%
[o2e)
< 2.18
=
2 N 20 8 C 76 3.44 341 0.04 | 1.24%
<
3.38
[5 441
14 N 20 @) A 76 ’ 4.56 0.21 | 4.65%
3
4.71
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.9: G*/sind results of CRM binder made with binder Source N at 82°C

G*/sind kPa
8 X c K < o] c S [
s 58|38 | 2|58~ B | 5 |55 ES
A |T £ 5] F a2 <0 o o} - B 28
c3| 2| T O D 5 o c2| .8
=638 E|2FE% 2| = |55 55
o n
3) Olo| g S
- | N O] -0 82 i - - -
=
= -
16 N 5 Q C 82 - - -
<
S -
[_4
2 N 10 8 C 82 0.96 0.95 0.01 1.49%
<
0.94
=
£ 1.25
15 N 15 4 C 82 1.21 0.06 | 5.28%
0
< 1.16
=
2 N 20 8 C 82 1.90 1.86 0.06 | 3.04%
<
1.82
[5 2.52
14 N 20 a A 82 = 2.62 0.14 | 5.40%
%
2.72
“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.10: G*/sind results of CRM binder made with binder Source N at 88°C

G*/sind kPa
8 X e o < o] [ S c
S |58 8|S |5|,84 B | 5 |ES| ES
S |T s < Fla <O o @ - B 28
c3| 2| o O D 5 o c2| oFf
=88 Z | |28 5§ | 2 |22 &8
@ (7]
3] Olo| & S
- N 0 - 0 70 ) - - -
g
g -
16 N 5 Q C 70 - - -
<
= -
H -
2 [ N 10| 8|c| 70 - - -
<
g
£ 0.69
15 N 15 2 C 70 0.66 0.05 | 7.56%
S
< 0.62
=
2 N 20 8 C 70 1.10 1.09 0.02 | 1.96%
<
1.07
S 1.41
14 N 20 a | A 70 ’ 1.52 0.16 | 10.23%
%
1.63
“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.11: G*/sind results of CRM binder made with binder Source O at 64°C

G*/sind kPa
8 Ll elwl| 8 . _| B
Sl ss(R|8| 8.2 | 8 c |E8| g8
» |25 s | 8|2 (850 2 & |28| 58
S g3l x| 8|2|Fe> 2 > |S3| ES
o O | o ?3 g o hao| &>
@) — )
- 0 0 - 10 64 1.65 1.61 | 0.06 | 3.97%
1.56
=
& 8.05
6| 0 |20]wn|C 64 812 | 0.10 | 1.22%
<
S 8.19
=
& 3.91
170 |10]g]|C 64 403 | 0.16 | 3.97%
S 4.14
"by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic

Table J.12: G*/sind results of CRM binder made with binder Source O at 70°C

G*/sind kPa
8 * c +G-’ 8 © T < HC_) c
3588|258~ IS c |5S| 58
» |85 s |8 |E|850 § |g8| &
S z3|lx|&|2Fg% 3 > |S3| £E&
o O || & S o na| 8>
O O F o
- o 0 - 0 70 0.85 0.86 0.01 | 0.83%
0.86

:
16 o 20 | o | C 70 4.09 4.13 0.05 | 1.20%

<

< 4.16

=

= 1.91
17 o 10 | C 70 1.96 0.07 | 3.61%

S 2.01

"by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.13: G*/sind results of CRM binder made with binder Source O at 76°C
G*/sind kPa
3 . c | ‘o et < - G c
sls8| 8| 2| S|u8~ 2| 5 |52 58S
» |85 S | - g =0 - S T38| 5 &
c 3 > ho] D D ¥ = (<5} c = o .=
S 58| x| 8|2|Fg~ 3 = |S3| EF
o O || & > o na| 8>
O O F o
- ¢} 0 - 10 76 i - - -
g
£ 0.94
16 (0] 20 | @ | C 76 0.99 0.06 | 6.46%
<
< 1.03
g
£ 227
17 (0] 10 | C 76 2.25 0.03 | 1.26%
S 2.23
"by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic

Table J.14: G*/sind results of CRM binder made with binder Source O at 82°C

G*/sind kPa
8 D lelw | B B _| s
s 58/ |S|5|-8~ B | 5 |5S| 58
» |85 s |8 |E|850 § |g8| &
S 83|l x| g|2Fex 3 > |8s3| £
5 O o 5 ﬁ o n A é >
- o 0 - 0 82 i - - -
:
16 o 20 | o | C 82 0.55 0.55 - -
<
o -
=
= 1.22
17 o 10 | C 82 1.24 0.03 | 2.57%
S 1.26
"by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.15: G*/sind results of CRM binder made with binder Source O at 88°C

G*/sind kPa

® @ 4=
° . c | @ 5 © ht
Slssls|Ss|sl.2 | 8| = 28| ES
» |85 s |§|E|1850] 2 § |28| 58
s 53| & | § E - g.& 2 S |83 £
o ] o (PNa) >
O ©lc] @2 S
-l o o0 -1]0 88 i - - -

g

= -
16 o 20| o | C 88 - - -

<

o -

g

= 0.71
17 o 10 g |C 88 0.71 0.00 | 0.00%

S 0.71

“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.16: G*/sind results of CRM binder made with binder Source P at 64°C

G*/sind kPa
8 X e o < o] c S c
Sls88|S| S8~ s = ss| Es
» |25/ s | S| E(889 § |28| S8
=8| x| S|2"E% 3§ | 2 |g3| §¢
E:) O3S & 14 »n 0 8 >
lp o] - o] e | 10| 127 | 013 | 1002%
1.18
H
2| P 15| 8 c| e | M| as8 | 002 | 0.44%
<
4.86
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic

Table J.17: G*/sind results of CRM binder made with binder Source P at 70°C

G*/sind kPa
8 X c +‘1’ e © c “6 c
S ls58| 8| S|S8|8~ B | c |ES8| &S
2|25 s | S|2(889 2 § |g8| c&
S |a3 K |E|2Fe% 3| = |33 E%
o O o "0 >
3) Olo| g S
- P 0 - 0 70 0.60 0.58 0.04 | 6.15%
0.55
[_4
2 P 15 8 C 70 2.39 2.39 0.01 | 0.30%
<
2.38
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.18: G*/sind results of CRM binder made with binder Source P at 76°C

G*/sind kPa

§ * = +3 g < T c E c
3|58 & || 5|k~ B c | 82| §2
2|25 s | S|2 (889 2 § |g8| c&
S e8| x| g|/2Fg> 3| =2 |S3|ES
o @) @ »h o >
O ©lc| &2 3
- P 0 - 10 76 ) - - -

[_4
2| p |15 8c| 16 | ] 124 | 001 | 057%

<

1.23
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic

Table J.19: G*/sind results of CRM binder made with binder Source P at 82°C

G*/sind kPa

3 . c +3 § o ° c E c
3|58 8|8 | 5|8~ & c |g82| §2
2|25 s | S|2(889 2 § |g8| c&
> 83| x| 8|2Fe~ & = |Ss3| ES
o O o w0 >
O ©lc| 2 S
- P 0 - |10 82 ) - - -

[_4
2 P 15 8 C 82 0.69 0.68 0.02 | 3.14%

<

0.66
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.20: G*/sind results of CRM binder made with binder Source P at 88°C

G*/sind kPa
® . @ 4=
o c 3} husl < o
sl * S T C c
3|58/ 8|2 |8 |.8-| B c | 58| g8
3 |© = © F g <0 (@) © S B 2L
»n |25 s |8 3 g 28| .8
S |83 x| g|2|Fe~ B > |S3| £5
74 Clo |5 5 x no| &>
O — O
- | P O] - |0 8 i - - -
5 -
2 P 51 81|C 88 - - -
<
“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table J.21: G*/sind results of CRM binder made with binder Source Q at 64°C

G*/sind kPa
§ X c +‘U e [4] - < Ha:
s |85 s | 8| (850 © g |28| o8
s |S2|lZg|8|S|Feg = s | §5| €5
x |P? 0| 5| 2| E & 58| 88
O O g O
- Q| o | -1|o 64 L4005 | 001 | 0.62%
1.15
=
g 4.06
191 Q [ 10| g |A]| 64 404 | 0.04 | 0.88%
<
S 4.01
=
& 5.50
171 Q |15 g]C 64 571 | 0.29 | 5.08%
S 591
g
& 5.62
161 Q [I15|n]|C 64 540 | 0.32 | 5.90%
<
S 5.17
g
& 6.17
18 Q |15 2 |A| 64 6.16 | 0.02 | 0.34%
[o2e)
S 6.14
g
& 2.03
71 Q|5 |g|cC 64 193 | 0.15 | 7.71%
S 1.82
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.22: G*/sind results of CRM binder made with binder Source Q at 70°C

G*/sind kPa
3 ) c | & . 5
Slssls|S|s|l.2 | & | <« |E8|¢€s
%) T = s [3+] ~ 8 50 @) g S © S ®©
S 3 B F8%| = csS| g%
Z55 85|25 | & | % |88 %S
O Olc| g 3
-l Qo] -1o 70 0.7 1 057 | 001 | 125%
0.56
=
g 2.13
190 Q |10 |A| 70 211 | 0.04 | 1.68%
<
S 2.08
=
& 2.90
171 Q |15 g|C| 70 297 | 0.09 | 3.10%
S 3.03
=
& 2.86
161 Q [ 15w |C| 70 272 | 020 | 7.28%
<
S 2.58
=
& 3.23
8| Q |15 2 |[A| 70 343 | 0.28 | 8.05%
[o2e)
S 3.62
=
& 1.02
7|1 Q |5 |glcC| 7 0.96 | 0.09 | 9.63%
S 0.89
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.23: G*/sind results of CRM binder made with binder Source Q at 76°C

G*/sind kPa
§ * = +8 g [ o 'Ec
2|58 | S| 5|k~ B c | 58| g8
S = =1 Flas0 (&) @ -’ = &
wiles| 2| o O @5 L c| 2¢
=88 Z | |28 5§ | 2 |22 &8
e g [P a)
O Clc| g 3
- Q 0 - |10 76 ) - - -
£
g 1.16
19 Q |10 v A| 76 1.13 | 0.05 | 4.40%
<
S 1.09
£
& 1.55
71 Q |15 g|C 76 156 | 0.01 | 0.45%
S 1.56
g
& 1.48
16 Q [ 15| |C 76 141 | 0.11 | 7.55%
<
S 1.33
g
g 1.83
8| Q |I15| 2| A| 76 2.02 | 026 | 12.98%
[e’e)
S 2.20
g
g 0.53
71 Q|5 |g|C 76 0.53 - .
= .
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.24: G*/sind results of CRM binder made with binder Source Q at 82°C

G*/sind kPa
S . c | o § © o c Ec
2|58/ 8| 2| 5|8~ & c | 58| Es
s 25| s |8 |£(859 ¢ g 2E| c&
=88 Z | |28 5§ | 2 |22 &8
e g [P a)
O Clc| g 3
- Q 0 - |10 82 ) - - -
£
& 0.62
19 Q [ 10| v |A]| 8 061 | 0.02 | 3.51%
<
S 0.59
£
& 0.87
71 Q |15 g|C 82 0.85 | 0.03 | 3.33%
S 0.83
£
& 0.81
16 Q [ 15| |C 82 0.76 | 0.07 | 9.30%
<
S 0.71
£
g 1.10
8| Q |I15| 2| A| 8 127 | 023 | 18.45%
[e’e)
= 1.43
£
£ .
7|1 Q|5 |g|cC 82 . - .
= .
“by weight of binder

*0: Virgin; A: Ambient; C: Cryogenic
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Table J.25: G*/sind results of CRM binder made with binder Source Q at 88°C

G*/sind kPa
§ * s |y g ] gl = E c
2|58/ 8| 2| 5|8~ & c | 58| Es
» |25 s |8 E|850 2 g |2&8| o8
= B|s|Fagl = S |§5| €%
E m B % S| F s S gg Eg
S °lol e | " 8
- Q 0 -lo 88 ) - - -
g
g -
19 Q 10| 2| A 88 - - -
<
[« -
g
g -
17 Q 51 g C 88 - - -
= ]
g
g -
16 Q 15| «a|C 88 - - -
D
(e -
g
E 0.66
18 Q 51 2] A 88 0.85 | 0.26 | 30.96%
oo}
< 1.03
g
g -
17 Q 5 2| C 88 - - -
= ]
“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Appendix K

Failure Temperature Verification Data

Table K.1: Failure temperature results of CRM binder made with binder Source M

Failure Temperature (°C)
8 c | 5
5|5 5] *&o 8= < % c ES E.E
3|E5|s|&8|F| ¢ § 28| 8%
S g3l x| 8|2 2 > Sa| ES
x |®? O 15} ?): & 5 Aa 8c>5
@) @)
- M| o Lo | P30 g1as | 304 | 427%
69.00
5 83.00
3 M |15 8|A : 83.45 | 0.64 | 0.76%
<
83.90
S 73.90
B M| 5| 8]cC : 73.75 | 0.21 | 0.29%
7 73.60
5 75.70
2| M |10 | R c| PV 7735 | 233 | 3.02%
<
79.00
:
7| M |5 |g]|C 3701 9505 | 092 | 1.22%
S 74.40
S 83.50
12 M |10 28] A : 83.10 | 0.57 | 0.68%
i 82.70
z
20| M |5 | g|A 390 9540 | 071 | 0.94%
S 74.90
“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table K.2: Failure temperature results of CRM binder made with binder Source N

Failure Temperature (°C)
3 ) ; 5
5 58| 8 é § % c -?5.5 E.S
Uo) T = 5] - o @ - B 2 b=
s|£3|2|%|s| 2| £ |55| &%
mnwm e [ S o ]
o (@) o o nno| 3>
@) © |0 3
- N 0 - 0 6920 69.00 | 0.28 | 0.41%
68.80
:
16 N 5 w | C 74.40 74.70 | 0.42 | 0.57%
<
< 75.00
[_4
2 N 10 8 C 81.60 81.50 | 0.14 | 0.17%
<
81.40
=
£ 84.20
15 N 151 2 |C 83.80 | 0.57 | 0.68%
o0
< 83.40
=
2 N 20 8 C 89.00 88.90 | 0.14 | 0.16%
<
88.80
[5 91.40
14 N 20 | A | A ’ 92.60 | 1.70 | 1.83%
7
93.80
by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table K.3: Failure temperature results of CRM binder made with binder Source O

Failure Temperature (°C)
5] . * 6
Sloals| 8|8 £ < |28l 2s
- © | F a < o8| 58
s|£3| 2|8 |s]| = g |ss| g%
mnwm e [ S o ]
o (@) o o nno| 3>
@) © |0 S
- (0] 0 - 0 68.40 68.45 | 0.07 | 0.10%
68.50
:
16 (0] 20 v | C 84.30 84.30 | 0.00 | 0.00%
<
< 84.30
:
17 (0] 10 2| C 7530 75.75 | 0.64 | 0.84%
S 76.20

“by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic

Table K.4: Failure temperature results of CRM binder made with binder Source P

Failure Temperature (°C)
[} Y
S . c | o « o
Sl s|S|s| 8| < |E8| €S
S |TE < | @) < o®| 5 &
S22 |8|s| = | & |53 €%
mnwm e © S o ]
o O o @ nao| >
O © 10O S
- P 0 - 0 66.10 65.60 | 0.71 | 1.08%
65.10
=
2 P 15 8 C 78.10 78.00 | 0.14 | 0.18%
<
77.90
by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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Table K.5: Failure temperature results of CRM binder made with binder Source Q

Failure Temperature (°C)
3 . + G
5 58| 8 é § % c -?5.5 E.S
Uo) o = < = [a) @ - B Q2 b=
S22 |8|s| = | & |53 €%
mnwm e [ S o ]
o @) o o nQ| 3>
@) ©1G 3
- Q 0 - 0 65.10 65.10 | 0.00 | 0.00%
65.10
:
19 Q 10 2 A 7730 77.05 | 0.35 | 0.46%
<
< 76.80
:
17 Q 15 2 C 80.40 80.30 | 0.14 | 0.18%
S 80.20
=
£ 79.90
16 Q 15 a2 C 79.30 | 0.85 | 1.07%
<
< 78.70
=
£ 83.00
18 Q 15 2 A 85.70 | 3.82 | 4.46%
o0
< 88.40
=
£ 70.20
17 Q 5 2 C 69.60 | 0.85 | 1.22%
S 69.00
by weight of binder
*0: Virgin; A: Ambient; C: Cryogenic
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