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Chapter 1 - Introduction

The use of polymer-modified binders in hot mix asphalt (HMA) has steadily increased
over the past few decades around the country. Over the last three decades, many
researchers have investigated the effects of these modifiers on binders and mixtures.
In many states, most interstate pavements are paved using these modified mixtures.

In addition, these binders are used in mixtures in many additional locations with
heavy loading conditions since they provide the required strength for that loading.
Most of these modified binders exhibit excellent rutting resistance properties and
perform very well under severe climates (e.g., high or low temperatures).

In this research project, asphalt binders containing various polymer modifiers were
investigated through examining both binder and mixture properties. Two additional
topics were also investigated, including: a) the effects of liquid anti-strip additives on
asphalt mixtures; and b) the effects of natural sands in asphalt mixtures. This report
has been divided into several sections and chapters to address these issues.

Problem Statement

Alternate Asphalt Binder Modifiers

For many years, polymers have been incorporated into asphalt as a way to mitigate
many major causes for asphalt pavement failures, including permanent deformation at
high temperatures, cracking at low temperatures, fatigue, and stripping damage (Chen
et al. 2002; Li et al. 1998; Wekumbura et al. 2007). These polymer-modified asphalt
(PMA) binders also have been used with success at locations of high stress such as
interstates, intersections, and airports (Yildirim 2007). For many years, PMA has
proven itself to be an essential element in the paving process.

There are several types of polymers used in asphalt binders today. Currently, in the
United States, the most commonly-used polymer for asphalt modification is SBS
(styrene butadiene styrene) followed by other polymers such as GTR (ground tire
rubber), SBR (styrene butadiene rubber), EVA (ethylene vinyl acetate) and
polyethylene (Sengoz and Isikyakar 2008). According to a modified asphalt market
survey in 2005-2006, 80% of states across the country, including South Carolina, used
SBS as a modifier (Casola 2006).

Although they cost more than conventional binders, SBS-modified PG 76-22 asphalt
binders have been utilized for many years by the South Carolina Department of
Transportation (SCDOT) and many other state DOTs on interstate projects in order to
increase the life of asphalt pavements. The high cost associated with the SBS
modification process is mostly due to the SBS material. The SBS market was hit with
a shortage of Butadiene back in late 2009, which affected both supply and cost of PG
76-22 in SC as well as the entire country. Due to many reasons, it is important to have
some alternative modifiers such as elastomers, plastomers, other polymers, GTR (from



recycled passenger and truck tires), sulfur additive, and PPA (Polyphosphoric Acid) to
substitute for SBS in PG 76-22 asphalt binders in the future.

Most specifications used for binders today, in general, are performance related.
Therefore, significant chemistry changes might affect the test behavior and results. In
order to obtain a reasonable conclusion before using any new materials, several issues
should be considered including the following: a) aging characteristics; b) predictable
rheological properties; c) adhesion properties; d) constructability issues; e) odor
issues, if any; f) water solubility; g) environmental considerations; h) recyclability of
the materials; and 1) availability in bulk quantities. Most of the SHRP testing (e.g.,
DSR, BBR, PAV, etc.) should be conducted in order to characterize the rheological
properties of these new additives or polymers. In addition, mixture properties (e.g.,
volumetric, moisture susceptibility, deformation, etc.) must be initiated and tested. In
this research project, many of these characteristics were evaluated for several alternate
modifiers. Testing included the modified binders as well as mixtures made with these
binders.

Anti-Stripping Additives in Asphalt Mixtures

The phenomenon of breaking the bond between the aggregate and the binder is known
as stripping. A typical stripping situation involves the gradual loss of strength over time,
which causes various surface manifestations like rutting, corrugation, shoving, raveling,
cracking, etc. (Busching et al. 1986, Kim and Amirkhanian 1991). The use of anti-
stripping additives (ASAs) is the most common method to prevent stripping in a
pavement (Lu and Harvey 2006, Putman and Amirkhanian 2006, Xiao and
Amirkhanian 2009, Gandhi et al. 2009). One of the most commonly-used ASAs in the
United States is hydrated lime, but there are other ASAs available. Other solid ASAs
include Portland cement, fly-ash, and flue dust. Liquid ASAs include amines, di-
amines, and liquid polymers. The mechanism by which liquid ASAs work is by
reducing the surface tension between the aggregate surface and the asphalt binder. This
reduction in surface tension promotes increased adhesion of the binder to the aggregate.
For this reason, they are also called surfactants (Putman and Amirkhanian 2006).

Pavement contractors usually prefer liquid ASAs as they are relatively easy to use (Lu
and Harvey 2006). However, many DOTs prefer hydrated lime due to its excellent
performance and the ease of validating the use of the material. Hydrated lime has been
used successfully as an ASA for many years in SC and has a proven track record for
increasing asphalt mixture resistance to moisture susceptibility. However, over the last
several years, liquid ASAs have gained popularity due to advancements in available
liquid ASAs as well as their cost and ease of application. Thus, it is necessary to explore
the performance of these new liquid ASAs in conventional mixtures as well as the
compatibility of both hydrated lime and liquid ASAs with potential alternate asphalt
modifiers. In this research project, some of the effects of liquid ASAs on several
mixtures were investigated and compared to the results obtained from samples
containing hydrated lime.



Natural Sands in Asphalt Mixtures

The properties of asphalt mixtures are affected substantially by the characteristics of
aggregates used in the mix, including shape and surface texture. The effects of natural
sands are attributable to their rounded shape and smooth surface texture, which
facilitate the rearrangement of larger aggregate particles under the influence of repeated
loads (Freeman and Kuo 1999). The presence of excessive natural sand in an asphalt
mixture can increase its susceptibility to permanent deformation and other potential
problems (Ahlrich 1991). In addition, field investigations have concluded that
excessive natural sand is a primary cause of premature rutting (Brown 1983, Anderton
1990, Ahlrich and Anderton 1992). However, the use of natural sand is attractive to
some contractors because it is generally less expensive than crushed fines, and it can
make mixtures easier to compact.

Due to these factors, it is necessary for agencies that specify pavement construction to
limit natural sand contents (Freeman and Kuo 1999). The Federal Highway
Administration has issued guidance that limits the proportion of natural sand to 20% by
mass of the total fine aggregate. The U.S. Army Corps of Engineers (USACE) limits
the natural sand content of heavy-duty pavement mixtures to 15% by mass of all the
aggregate (““Asphaltic’’1991).

Although it is necessary to place some limits on the use of natural sand in asphalt
mixtures due to performance issues, it is possible that the use of a limited amount of
natural sand could provide some cost savings for specifying agencies. This could
especially be true with respect to asphalt mixtures that use natural sands in conjunction
with recycled asphalt pavement (RAP) materials. However, the performance
characteristics of these asphalt mixtures containing natural sands and RAP must be
investigated. In this project, performance characteristics were examined for various
mixtures containing natural sand and RAP. In addition, the effects of both hydrated
lime and liquid ASAs on the performance of these mixtures were also examined.



Chapter 2 — Scope of the Research Project

Research Objectives

There were three major objectives for this study including:

1)

2)

3)

Compare the performance of alternate binder modifiers to SBS with respect to
rheological properties of the modified binders and engineering properties of the
mixtures made with these binders. In these mixtures, recycled asphalt pavement
(RAP) materials were also utilized and their effects on engineering properties
were investigated.

Evaluate the performance of new liquid ASAs in conventional SBS-modified
asphalt mixtures as well as to evaluate the compatibility of alternatively-
modified binders with both hydrated lime and liquid ASAs. The mixtures were
tested and evaluated for moisture susceptibility and other performance
properties both with and without RAP materials.

Evaluate the moisture susceptibility and other performance properties of asphalt
mixtures made with natural sands. For this portion of the project, all of the
natural sand mixtures to be tested also included RAP, and the moisture
susceptibility testing included hydrated lime as well as liquid ASAs.

1. Alternate Asphalt Binder Modifiers

The first objective was to compare the performance of alternate binder modifiers to
conventional SBS with respect to the rheological properties of the modified binders as
well as the engineering properties of the mixtures made with these binders. Based on
recommendations from the SCDOT Steering Committee, only the following binder
modifiers were evaluated for this portion of the project: an elastomer, a plastomer, a
PPA, GTR (terminally-blended only), and control SBS. All mixtures to be tested for
performance properties were evaluated both with and without RAP. The specific tasks
for this portion of the research project included the following:

Conducting an extensive literature review on the topic of alternate modifiers for
PG 76-22 asphalt binders (this task was performed concurrently with the tasks
involving testing);

Conducting a nationwide survey to determine the rate of usage of these
materials around the country,

Determining initial recommendations for terminally-blended GTR mix design
guidelines based on the literature review and basic laboratory test results;
Investigating the effects of various alternate modifiers on the rheological
characteristics of asphalt binders at high, intermediate, and low performance
temperatures through the performance of AASHTO M 320, TP 70, TP 79, and
PP 61;

Investigating the effects of various alternate modifiers on asphalt mixture
volumetric properties such as air voids, %VFA, %VMA, and optimum asphalt
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binder content;

o Investigating the effects of various alternate modifiers on various performance
properties of asphalt mixtures, including moisture susceptibility, permanent
deformation, dynamic modulus, and flow number; and

e Developing recommended specifications for SCDOT regarding the utilization
of these materials.

Input was sought from the Steering Committee to select the aggregate sources, binder
sources, RAP sources, RAP percentages, and performance characteristics that were
used in this portion of the study.

2. Anti-Stripping Additives in Asphalt Mixtures

The second objective of this project was to evaluate the performance of liquid ASAs in
conventional SBS-modified asphalt mixtures as well as to evaluate the compatibility of
alternatively-modified binders with both hydrated lime and liquid ASAs. HMA
mixtures containing various modifiers (SBS and alternate modifiers) as well as either
hydrated lime or liquid ASAs were tested for moisture susceptibility. This portion of
the study also evaluated all of these mixtures both with and without RAP. The specific
tasks for this portion of the research project included the following:

e Conducting an extensive literature review on the usage of liquid ASAs in
asphalt pavement surface layers (this task was performed concurrently with the
tasks involving testing);

e Determining initial recommendations for mix design guidelines using liquid
ASAs based on the literature review;

e Investigating the effects of various liquid ASAs on mixture volumetric
properties such as air voids, %VFA, %VMA, and optimum asphalt binder
content of wvarious asphalt mixtures (conventional SBS-modified and
alternatively-modified);

e Investigating the effects of various liquid ASAs on moisture susceptibility of
conventional SBS-modified asphalt mixtures

e Investigating the compatibility of various alternate modifiers with various anti-
stripping additives (hydrated lime and liquid ASAs) through moisture
susceptibility testing; and

e Investigating the effects of various liquid ASAs on other performance properties,
including permanent deformation, dynamic modulus, and flow number of
various asphalt mixtures (conventional SBS-modified and alternatively-
modified);

Input was sought from the Steering Committee to select the aggregate sources, binder
sources, RAP sources, RAP percentages, and performance characteristics that were
used in this portion of the study.



3. Natural Sands in Asphalt Mixtures

The third objective of the study was to evaluate the performance of asphalt mixtures
made with natural sands. Various HMA mixtures containing natural sands were
evaluated to determine the effects on several mixture properties, including
deformation/rutting and low-temperature cracking. In addition, the effects of natural
sands on moisture susceptibility were examined with respect to the use of both hydrated
lime and liquid ASAs. All of the asphalt mixtures tested in this portion of the project
utilized conventional PG 64-22 (non-modified) binders and contained RAP in addition
to natural sand. The specific tasks for this portion of the research project included the
following:

e Conducting an extensive literature review on the usage of natural sand in asphalt
pavement surface layers (this was performed concurrently with the tasks
involving testing);

e Determining initial recommendations for mix design guidelines using natural
sands based on the literature review;

e Determining angularity (based on uncompacted void content) of the natural
sands;

e Investigating the effects of natural sands on mixture volumetric properties such
as air voids, %VFA, %VMA, and optimum asphalt binder content in asphalt
mixes containing either hydrated lime or liquid ASAs;

e Investigating the effects of natural sands on selected performance
characteristics, including permanent deformation, dynamic modulus, and flow
number of asphalt mixes containing either hydrated lime or liquid ASAs; and

e Investigating the effects of natural sands on moisture susceptibility of asphalt
mixes containing either hydrated lime or liquid ASAs.

Input was sought from the Steering Committee to select the aggregate sources, sand
sources, binder sources, liquid ASA sources, RAP percentages, and performance
characteristics that were used in this portion of the study.

Organization of the Report

The contents of this report have been divided into several sections (chapters). Chapter
3 contains the literature review for many topics studied in this research project. Chapter
4 describes the materials and experimental design used for this work. Chapters 5, 6,
and 7 contain the results of the research activities. Chapter 8 contains the conclusions
and the recommendations for this research study. Several appendices contain the
laboratory or field testing results. The report also includes a partial list of references
studied during this investigation.



Chapter 3 — Literature Review

Polymers that have been used to modify asphalt include styrene—butadiene—styrene
(SBS), styrene—butadiene rubber (SBR), Elvaloy® (an elastomer), rubber, ethylene
vinyl acetate (EVA), polyethylene, and others. Desirable characteristics of polymer-
modified binders include greater elastic recovery, a higher softening point, greater
viscosity, greater cohesive strength and greater ductility (Yildirim 2007).

Yildirim (2007) points out that for optimal economy, it is desirable to choose an asphalt
modifier that resists multiple distresses, such as rutting, fatigue, thermal cracking and
water damage. It was found that the choice of polymer may have a significant impact
on fatigue properties and that the mixtures boasting the highest fatigue life contained
reactive styrene—butadiene crosslinked polymer. Other polymers tested were a
chemically-modified crumb rubber, SBR, linear block SBS, and a proprietary modified
SBS.

When a polymer and virgin asphalt are blended, the polymer strands absorb part of the
low-molecular weight oil fraction of the virgin asphalt and become swollen. When the
polymer-rich phase becomes the continuous phase (due to the relatively higher fraction
of swollen polymer), the swollen strands connect together and form a three dimensional
network. This network provides the physical properties of elasticity, plasticity, and
elongation of an asphalt binder (Wekumbura at el. 2007). Ultimately, PMA binders
become more viscous and tend to improve the binder coating (i.e., by increasing its film
thickness) on aggregates, and this holds the aggregate particles together more
effectively. These properties result in better pavement performance.

Of all the polymer modifiers, styrene-butadiene-styrene (SBS), which was originally
developed by Shell Chemical Co., is widely used in the majority of the modified asphalt
binders (Lavin 2003; Becker et al. 2001). SBS creates a three dimensional network
within the virgin asphalt phase, resulting in an excellent bonding strength to aggregates
that leads to a durable and long-lasting pavement (Kim 2003; Adedeji et al. 1996).

SBS is a thermoplastic elastomer; thus, it behaves like an elastic rubber at ambient
temperatures, and it can be processed like a plastic when heated. Generally, most types
of rubber are difficult to process because they are cross-linked; however, SBS and other
thermoplastic elastomers can manage to be rubbery without being cross-linked, thus
making them easy to process into useful shapes. In structural terms, its backbone chain
is made up of three segments. Polystyrene is a hard plastic which provides durability at
high temperature, while butadiene is a rubber which contributes to the elasticity of the
binder at low temperature. It is envisioned that the SBS network interacts with the
asphaltene and resin parts of the binders (Rozeveld et al. 1997).

Sengoz and Isikyakar (2008) found that although the flow values of both SBS and EVA
asphalt mixtures are higher than control (virgin) mixtures, modified mixtures reveal
more resistance to permanent deformation. Therefore, it can be concluded that the
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polymer additives contribute to a stronger adhesion of aggregates and binders. The
modification agent plays an important role in defining the performance properties of
the modified binder. Binders modified with elastomeric modifiers such as GTR, SBS,
and SBS-GTR yielded better recoveries than those made with plastomeric modifiers,
such as Elvaloy and EVA. The binder modified with both PPA and SBS exhibited
properties very similar to the plastomeric binders. Overall, the GTR-modified binder
exhibited the least creep, while also demonstrating a very high recovery rate. It also
tended to yield the highest percent recoveries over the range of temperatures. The
following sections will describe the background of some of the materials tested in this
research project.

Elastomer and Plastomer Materials

Polymers, which are long-chain molecules of very high-molecular weight, used by the
binder industry are classified based on different criteria. One method classifies
polymers into two general categories—elastomers and plastomers. The mechanism of
resistance to deformation is the basic difference between these two categories. The
load-deformation behavior of elastomers is similar to that of a rubber band such as
increasing tensile strength with increased elongation, which may reach 1300% of the
original length, and ability to recover to the initial state after removal of load. An
elastomer may be defined as an amorphous, cross-linked polymer above its glass
transition temperature (Painter and Coleman 1997). When mixed with asphalt binder,
elastomers form a two-phase system at the service temperature, with one phase
containing nearly all of the polymer and the other phase containing nearly all of the
asphaltenes. On the other hand, plastomers exhibit high early strength but are less
flexible and more prone to fracture under high strains than elastomers (Painter and
Coleman 1997).

Morrison et al (1995) reported that both the chlorinated plastomer and elastomer
showed improved compatibility with the asphalt binders after reactive processing at
elevated temperatures. This improved compatibility resulted in a significant increase of
both the penetration index and penetration-viscosity number over an unmodified binder.
This is not an unexpected phenomenon and has regularly been demonstrated in other
studies. The results have shown that the addition of only 3% additive to the binder
caused the penetration-viscosity number to increase from -2.54 to +0.74. This
significant improvement would correspond to enhanced rheological performance of the
pavement during hot summer months while also improving performance in cold winter
temperatures.

Mostafa et al. (2003) reported that elastomeric modification should be used cautiously
and may not be considered a general solution to improve binder performance. Styrene-
ethylene/butylene-styrene (SEBS) is mainly suitable for pavements where an increase
in the mix elasticity is desired at high service temperatures and/or for slow-moving
traffic. SEBS is used for road and roofing applications where high resistance to
oxidative and thermal attack is required (Shell 1995). Although the current price of



SEBS is approximately twice that of SBS, the SEBS modified binder may be cost-
effective given the enhanced performance it exhibits.

To date, the most common polymer modifier used for asphalt modification has been the
elastomer styrene-butadiene-styrene (SBS). While elastomeric polymers have shown
the greatest potential for use in asphalt modification, there has also been some use of
plastomeric polymers. It has been estimated that approximately 75% of all polymer-
modified asphalts utilize elastomeric modifiers, while only 15% of modifiers used are
plastomeric. The remaining 10% of modified asphalts use other types of materials, such
as sulphur and acid (Diehl, 2000, Thodesen et al. 2009).

Polyphosphoric Acid (PPA)

Asphalt is used in over 200 applications, most of which relate to civil engineering and
to paving and roofing in particular (The Asphalt Institute, MS-4). In an attempt to
change its characteristics and improve its performance, bitumen is often modified with
an elastomer (Kraus 1982; Polacco et al. 2006), a plastomer (Jew et al 1986; Giavarini
et al. 1996), a thermoset (Lee et al. 1997; Polacco et al. 2004), sulfur (Fritschy et al.
1981), or a mineral acid (Giavarini et al. 2000). There is now much interest in the use
of polyphosphoric acid (PPA) to modify bitumen. By itself or in combination with a
polymer, PPA provides a means of bitumen modification usually produced cheaper than
one with a polymer alone (Masson 2008).

Kodrat et al. (2007) reported that with the ever-increasing demands on our roads,
asphalt producers have been required to increase the operating window of what were
previously-acceptable materials. Suppliers are naturally driven to find the lowest-cost
modification technology that meets a given specification without any obvious
deleterious effects. Hence, the use of polyphosphoric acid (PPA) has increased
considerably over the last few years.

The basic compounds for the production of PPA are phosphorus pentoxide (P20s) and
phosphoric acid (H3PO4), as shown in Figure 3.1. Phosphorus is first oxidized to
phosphorus pentoxide, which crystallizes as P4+O10. Upon its reaction with water,
phosphoric acid is produced. This route to H3POa is known as the dry process, which is
used to provide high-purity material (Averbuch-Pouchot and Durif 1996; Corbridge
1995). A cheaper wet process provides H3PO4 from the reaction of sulfuric acid on
ground apatite phosphate rock, Cas3(PO4)2CaF2 (Averbuch-Pouchot and Durif 1996;
Corbridge 1995).

0
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Figure 3-1 Production and reaction of phosphorus pentoxide



PPA is an oligomer of H3POs. High-purity material is produced either from the
dehydration of H3PO4 at high temperatures or by heating P2Os dispersed in H3PO4
(Jameson 1959). Figure 3.2 illustrates the equilibria for these reactions, which produce
different chain lengths and distributions. The dehydration method tends to produce
short chains, whereas the dispersion method usually produces chains with more than 10
repeat units (Jameson 1959).

(b)

Figure 3-2 Production of PPA from the (a) dehydration and (b) dispersion methods. is
an integer.

It is relatively easy to identify the rheological characteristic modifications made to a
binder with PPA. However, it is difficult to identify bitumens that react with PPA and
to establish the level of PPA required for a given application. This is in great part
because the mechanism of PPA action on bitumen, to some part, is unknown. To better
understand their reaction or lack thereof, the characteristics of PPA and bitumen are
briefly explained. PPA has a high dielectric constant, whereas that of bitumen is low,
which renders the dissociation of PPA into its acidic and basic moieties ineffective.
PPA is thus a very weak acid in bitumen. It can thus be concluded that PPA can only
dissociate and react with bitumen in enclaves of high dielectric constants. This is
formed from the aggregation of amphoteric heteroatomic groups into nanodomains.

PPA has found increasing use as a straight additive without the need for air blowing to
improve the grade range. Typical results are high-temperature grade improvements of
less than 6°C (Giavarini et al. 2000). The increase in grade is thought to occur because
of a reaction between the asphaltenes and acid (Giavarini et al. 2000; Baumgardner et
al. 2005).

Kodrat et al. (2007) reported: 1) The effect of PPA on the Superpave grading properties
was found to be significant, with the high-temperature grade increasing by varying
amounts depending on the crude source, and the low-temperature grade remaining
largely unaffected for most binders. 2) The effect of PPA on the fracture properties in
the brittle state was found to be insignificant. 3) The effect of PPA on the reversible
aging process was found to be insignificant. 4) The effect of PPA on the ambient-
temperature fracture properties was found to be significant. This result may have a
negative impact on long-term fatigue performance. Hence, caution is needed with the
use of PPA in areas where fatigue cracking is a concern.
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Most recent studies have focused on evaluating the properties of asphalt binder
modified with PPA. Bishara et al. investigated the effect of PPA on the high-
temperature properties of binder in the absence of and in the presence of ASAs. Results
showed that modification with PPA hardens asphalt and can significantly extend its
high-temperature application (Bishara et al. 2001). They also showed that although
modification with PPA or ASA has benefits, the coexistence of both modifiers limits
such benefits. The same team tested mixtures that contained asphalt binders modified
with both PPA and ASA using a Hamburg Wheel Tracking Device and an Asphalt
Pavement Analyzer and found poor performance in these mixtures with acid—amine
binders (King et al. 2002).

Ajideh et al. investigated the effects of several different modifiers (including polymer
and PPA) on the rheological and damage properties of asphalt binders and mixtures.
The results indicated that asphalt mixtures modified with only PPA exhibited
significantly-improved resistance to rutting and fatigue, whereas the effect of aging on
rheological properties was noticeably different for mixtures with both modifiers
(Ajideh et al. 2004). They also found that the resistance to moisture damage of asphalt
mixtures modified with only PPA was not as good as that of those modified with
polymer. Baumgardner et al. studied the mechanism of how PPA interacts with asphalt
binder and found that the interaction depends on the base (virgin) asphalt (Baumgardner
et al. 2005; Li et al. 2011).

The PPA workshop covered extensive laboratory and field evaluations on the use of
PPA as a modifier for asphalt binder and reported that: 1) the stiffening effect of PPA
on the binder is crude source-dependent with anywhere from 0.5% to over 3% needed
to increase the binder grade. 2) PPA works as a stiffener and cross-linker when used
with polymers such as SBS and ethylene terpolymers (e.g., Elvaloy®). 3) PPA can
significantly improve the delayed elastic response of the polymer-modified binder. 4)
There is some indication that hydrated lime can reduce the stiffening effect of PPA, but
the increased stiffening from the lime outweighs any loss. Limestone aggregate could
not reverse or reduce the stiffening effect of PPA on the binder.

Ground Tire Rubber (GTR)

Ground tire rubber (GTR) is a type of asphalt binder modifier that can improve
flexibility and decrease temperature susceptibility of an asphalt mixture. It is formed
by the interaction of reclaimed GTR with asphalt binder at elevated temperatures for a
certain period of time. This type of modified binder has several advantages. The ground
tire rubber not only increases the binder’s elasticity but also increases its resistance to
aging due to anti-oxidants contained in tires. It is broadly used as a sustainable material
in improving the long-term performance of asphalt pavements.

GTR modifier is a general type of asphalt modifier that consists of crumb rubber
produced from scrap tires. GTR asphalt binder pavement products are produced by
several techniques including wet process and dry process. These GTR-modified asphalt
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binders may contain additional additives or modifiers (i.e., rubber polymers, diluents,
and aromatic oils) besides scrap tire rubber.

The primary uses of GTR-modified asphalt binders in pavement applications include
crack sealants, joint sealants, chip seals, interlayers, hot-mix asphalts (HMA), and
membranes. The life cycle cost analysis presented in this paper is limited to wet-
processed GTR asphalt binders used for chip seals, interlayers, and HMA, including
dense-, gap-, and open-graded mixtures.

GTR modifiers have been used in asphalt binders for hot-mixes since the 1960s (Epps,
1994). They have contained binders prepared from both the wet process and the dry
process. The dry process was a patented process called PlusRide. This process is no
longer being utilized in the United States. Dense-, open-, and gap-graded aggregates
have been used and field-tested in various states with GTR modifiers.

Currently, the majority of GTR binder used in hot mix asphalt (HMA) is placed in the
states of Arizona, California, Florida, and Texas. ASTM defines “asphalt rubber” as
materials consisting of a virgin binder and a minimum of 15% crumb rubber. Arizona
DOT (ADOT) and local governments in Arizona primarily use asphalt rubber binder in
open-graded and gap-graded HMA. The use of asphalt rubber binder in open-graded
friction courses is now the most popular use of this type of binder by ADOT. Arizona
first placed HMA containing asphalt rubber in 1975. California DOT uses asphalt
rubber binders in dense-, gap-, and open-graded HMA. Local governments in southern
California utilize asphalt rubber binders in gap- and open-graded mixtures. Texas DOT
uses asphalt rubber binders primarily in gap-graded mixtures identified as coarse matrix,
high binder (CMHB) (Hicks et al. 1995). Florida DOT (FDOT) uses GTR-modified
binders containing fine crumb rubber at percentages typically between 6-12% by weight
of asphalt binder in dense- and open-graded hot mixtures. These binders are not asphalt
rubber as defined by ASTM (Hicks et al. 1995).

Crumb rubber produced from scrap tires consists mainly of natural and synthetic rubber,
carbon black, sulphur, zinc oxide and coloring agents. It is well known to absorb
asphalt binder and swell. The amount of swelling is dependent on the nature,
temperature and viscosity of the base asphalt binder. This swelling of the crumb rubber
is a diffusion process and increases the dimension of the rubber network until the
concentration is uniform and equilibrium swelling is achieved. This complex process
significantly affects the performance grade (PG) of GTR-modified asphalt binders,
especially as rubber size, type, amount, and blending process differ.

There are several benefits of using GTR-modified asphalt mixtures including the
following (Hicks 2002):

e Improved resistance to surface-initiated cracking due to higher binder contents

e Improved aging and oxidation resistance due to higher binder contents

e Improved resistance to fatigue and reflection cracking due to higher binder
contents
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e Improved resistance to rutting due to higher viscosity and softening points

¢ Increased night-time visibility due to contrast in the pavement and striping
e Reduced tire noise due to increased binder film thickness and open texture

e Reduced splash and spray during rain storms due to open texture

e Reduced construction times because less material is placed

e Lower pavement maintenance costs due to improved pavement performance
e Better chip retention due to thicker films of asphalt

e Lower life cycle costs due to improved performance

e Savings in energy and natural resources by using waste products

The limitations of GTR-modified binders include the following (Hicks 2002):

e Higher initial unit costs compared to conventional virgin mixes, although this
can be offset by using reduced thicknesses, resulting in lower life cycle costs
(as such, they are primarily used for surface courses only)

e In the past, variable performance due mainly to poor construction practices or
construction during inclement weather (these issues have been corrected
through improved specifications)

e More challenging construction due to more restrictive temperature requirements

e Potential odor and air quality problems

e Difficult to handwork

Ground tire rubber doesn’t combine with asphalt binders in quite the same way as a
polymer, but it offers many of the same benefits when used as a modifying agent. The
increased viscosity in polymer-modified binders results from the swelling of polymer
molecules. Similarly, crumb rubber particles also swell and cause an increase in
viscosity when combined, or “reacted”, with asphalt (ARTS 2002). In addition, ground
tire rubber facilitates an increase in elasticity similar to that seen in polymer-modified
binders. Thus, GTR-modified binders also increase resistance to rutting and cracking.
In addition to offering advantages similar to those gained with polymers, crumb rubber
can also extend pavement life in a different way. During the process of manufacturing
tires, items such as carbon black and anti-oxidants are added to the rubber to prevent
the aging. When GTR is used as an asphalt modifier, the anti-aging benefits provided
by these anti-oxidants are passed on to the asphalt binder.

Specifying GTR is normally done in terms of physical and/or chemical properties.
Commonly specified properties include: size/gradation, specific gravity, acetone
extract, ash, carbon black, rubber hydrocarbon, and natural rubber content. The
size/gradation of the GTR can influence the interaction of the rubber-asphalt blend; for
example, a coarser GTR gradation generally requires a longer time to react than a fine
grind.

Chemical properties of the rubber are important and have also been established to define
the GTR material. These requirements insure the proper use of auto/truck tires in GTR
materials. The inclusion of specification requirements for ash, carbon black, and rubber
hydrocarbon insures that unacceptable materials (e.g., conveyor belts, etc.) are not used.
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Asphalt binder can affect the final GTR-modified binder product in several ways. The
base binder must be compatible with the GTR. Compatibility is controlled by the
chemical composition of both the asphalt binder and the GTR as demonstrated by an
increase in the viscosity of the GTR-modified asphalt binder with time. Most of the
crumb rubber produced today is a homogenous blend of different rubber polymers;
hence, compatibility is primarily dependent on the properties of the asphalt binder
rather than the composition of the GTR material.

Terminally-Blended GTR-Modified Asphalt Binder

Terminally-blended (TB) GTR-modified binder materials use finely ground (nominal
#30 or #40 mesh) crumb rubber and are typically blended at the asphalt refinery or the
“terminal”. Historically, the primary differences between TB and asphalt rubber (AR)
binders were the amount of GTR used in the binder (TB: <10%; AR: 15-20%), the size
of the crumb rubber used, and the use of specialized mixing equipment for AR due to
larger crumb rubber sizes and amounts. However, in recent years, the rubber content in
some TBs has been increased to 15-20 % or more (Hicks et al. 2010).

TB GTR-modified binder has been used since the mid-1980’s beginning with Florida
and Texas. Since then, it has been used in several other states, including California,
Colorado, Louisiana, Arizona, and Nevada. TBs are produced at the refinery (or
terminal) like any other polymer-modified asphalt. The asphalt is heated in a tank to
an elevated temperature, and crumb rubber is introduced into the tank and is digested
into the asphalt. During this process, the operator takes samples and runs a solubility
test to ensure the rubber is completely digested. Most producers use a high-shear
process to make sure the tire rubber is completed digested. The solubility of the
finished product is generally above 97.5 %.

TB GTR-modified binders can be stored just like other asphalts. According to the
industry, they are storage-stable binders because the tire rubber is fully digested into
the asphalt. The material is delivered to the hot mix plant by tanker trucks just like
virgin and SBS-modified binders. It is then mixed and shipped to the job just like any
other asphalt binder.

TB GTR-modified binders have been used in both hot mix and chip seal applications.
They are usually the preferred choice for dense-graded mixes, but they are also used in
gap-and open-graded mixtures. The field-blended AR is usually used only in gap- or
open-graded mixes. TB GTR-modified binders are also routinely used in hot applied
chip seals and have been emulsified for use in emulsion chip and slurry seals (Hicks et
al. 2010).

TB GTR-modified binders are produced in a closed-system plant which prevents
particulates from entering the atmosphere. Crumb rubber is delivered to the processing
plant and in some cases is introduced into the SBS polymer-modified asphalt in a
wetting vessel, where both products are precisely blended by weight with the use of
computer-controlled scales. The material is then “cooked” for approximately 16 hours
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under great pressure at temperatures as high as 425°F. This method of blending the
materials produces a more consistent and homogenous blend, assuring the complete
breakdown of the crumb rubber into the asphalt. By contrast, in the field-produced
“wet process”, crumb rubber and asphalt binders are only blended for approximately
45 minutes at 425°F.

In the next step in the process, the TB material is loaded into tanker transports and
shipped directly to the contractor’s storage tanks, where the material is required to be
heated to 325°F and constantly agitated until it is ready to be introduced into the
aggregates at the asphalt plant.

Additional advantages of using the TB process in lieu of the “wet” or “dry” methods at
the contractor’s plant include:

No need for specialized equipment.
No portable plants required for blending of crumb rubber with asphalts.
No additional holding areas for storing the crumb rubber product.

R =

Easiest for the contractor to incorporate into their traditional manufacturing

process.

5. Completely eliminates potential problems with heating and blending of crumb
rubber and asphalt products.

6.  Eliminates smoke and particulates from entering the atmosphere.

Despite the many advantages of these systems, there are situations where these
technologies, like most polymer binders and mixes, should not be used:

During cold or rainy weather with ambient temperatures below 13°C.
Over pavements with severe cracks.

Where considerable handwork is required.

Where traffic and deflection data are unknown.

kWD =

Where haul distances are too long to maintain sufficient mix temperature for
placement and compaction. (Warm Mix technology may eventually alleviate
this problem.)

Liquid Anti-Stripping Additives in Asphalt Mixtures

Liquid anti-stripping additives (ASAs) in the form of cationic surface-active agents,
principally amines, have been used for many years. In 1964, Mathews (1964) reviewed
the use of amines as cationic additives in bituminous road materials and explained the
problems associated with each of the materials. At the time of his research, heat-stable
agents were not available, and the development of a heat-stable agent that could be kept
in hot storage was essential to the future usage of the liquid ASAs. The difficulty of
determining the quantity of additive present was expressed. The results from the
immersion wheel tracking test, which was the best available test method at that time,
and full-scale experiments did not correlate. However, this study found that cationic
additives helped to bind bitumen to wet stone and prevented stripping. Some additives
were more effective than others in specific applications because of differences in
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asphalt binder composition and aggregate surface condition.

In addition, hydrated lime has been widely used as an ASA to reduce the problem of
stripping in HMA. Currently, the South Carolina Department of Transportation
(SCDOT) specifies the use of hydrated lime as an ASA. This was based on a research
conducted in the 1980s, which indicated that hydrated lime was very effective as an
ASA (Busching et al 1986). Also, the heat stability of liquid ASAs was still an issue at
that time. However, in the last 20 years, new liquid ASAs have been developed that
are reported to be as effective as hydrated lime. Thus, a new evaluation of ASAs is
needed to select the most effective ASA properties for use in South Carolina.

Recently, with the advent of new liquid ASAs in the market and because of their
cheaper cost and ease of application, liquid ASAs are gaining popularity. The
mechanism by which liquid ASAs work is by reducing the surface tension between the
aggregate and the asphalt binder. When surface tension is reduced, increased adhesion
of the binder to the aggregate is promoted. For this reason, liquid ASAs are also called
surfactants.

Liquid ASAs are normally added in doses between 0.5 and 1.5% by weight of the binder
(as recommended by the manufacturer). For example, in many cases this dose is
determined by the actual mix design or in some states there is a specified minimum rate
(SCDOT: 0.7%). The liquid ASA may be added either to the aggregate or to the heated
binder. Both of these procedures have certain concerns. If added directly to the
aggregate, uniform coating of all the aggregates is not ensured due to such a small
quantity of the ASA. If added to the heated binder, care should be taken to ensure that
the liquid ASA is heat stable and will not disintegrate at such high temperatures.

In response to a need to measure the amount of liquid ASA in either asphalt binders or
mixtures for assurance testing or forensic investigation, the StripScan instrument was
developed by InstroTek, Inc. The StripScan method involves three major steps. In the
first step, the binder or mixture containing the liquid ASA is heated, which causes the
ASA to vaporize. The vapor then flows through a measurement chamber where it reacts
with a litmus paper. This reaction results in a change in color of the litmus paper.
Finally, the color of the litmus paper is analyzed with a spectrophotometer to measure
the change in color. A greater color change indicates the presence of a higher quantity
of additive (InstroTek 2002).

Researchers have indicated that of the states surrounding South Carolina (Alabama,
Florida, Georgia, North Carolina, Tennessee, and Virginia), all of these allow the use
of liquid ASAs in all asphalt mixes except for Georgia (Putman and Amirkhanian 2006).
Georgia DOT only allows the use of liquid ASAs on off-system roads, and hydrated
lime (1% by weight of aggregate) is required in all other mixes. In the other states, it
is the contractor’s decision whether to use hydrated lime or liquid ASA. The contractor
almost always selects a liquid ASA due to the reduced cost of liquid ASA and the
simplicity of incorporating it into the mix compared to hydrated lime. Putman and
Amirkhanian also found that in 2004, Virginia, Tennessee, and North Carolina all had
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ongoing research projects evaluating liquid ASAs in asphalt mixtures. Tennessee was
interested in evaluating the “shelf life” of liquid ASAs, while Virginia and North
Carolina were both evaluating the StripScan.

Each state uses some version of AASHTO T 283 to test the moisture susceptibility of
their asphalt mix designs. The required tensile strength ratio (TSR) varies from state to
state but remains in the range of 75 to 85%. Tennessee is the only state that currently
uses a boil test in addition to TSR to evaluate moisture susceptibility.

The project completed in South Carolina (Putman and Amirkhanian 2006) indicated
that:

1. All of the ASAs (liquid ASA and hydrated lime) evaluated in this study improved
the moisture susceptibility over the control mixes containing no ASA. However,
hydrated lime was the most effective in raising the TSR of the mixes above the
SCDOT minimum design value of 85% for the ASA percentages evaluated in this
study.

2. All of the ASAs were effective in producing mixtures with wet ITS values above
the SCDOT minimum design value of 65 psi. This was not always the case with
the control mixes containing no ASA.

3. The aggregate and binder sources both affect the effectiveness of ASAs.

4. The effect of storing binders containing liquid ASAs did have an effect on the
moisture susceptibility of the mixes, but all of the mixes performed similarly.
Additionally, the mixtures containing stored binder with hydrated lime also had
increased moisture susceptibility.

5. The effect of the liquid ASAs on the properties of the asphalt binders was not
significant in either the fresh or stored conditions. All binders met the criteria of a
PG 64-22 in accordance to AASHTO M 320.

The project completed by National Lime Association (Sebaaly et al. 2010) pointed out
that:

1. In the case of thermal cracking, both the lime and liquid additives improved the
fracture temperature of the HMA mixtures from all five sources. However, the
lime-treated mixtures showed significantly higher fracture stresses for all sources.
This indicates that if thermal cracking occurs, the lime-treated mixtures will have
significantly fewer cracks per mile than the non-treated and liquid-treated mixtures.
Fewer cracks per mile translate directly into lower maintenance cost and time for
repair.

2. Lime either maintained or improved the fatigue resistance of four out of the five
sources of HMA mixtures. On the other hand, the impact of the liquid additives on
the fatigue resistance of the HMA mixtures was source-dependent and very
inconsistent. In most cases the liquid additive resulted in a significant change in
the slope of the fatigue curve of the mix indicating an unbalanced impact on the low
and high strains regions. This behavior contributed to the poor performance of the
liquid-treated mixtures in the MEPDG fully mechanistic structural design.
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3. Lime either maintained or improved the rutting resistance of the HMA mixtures
from all five sources. The impact of liquid additives on the rutting resistance of the
HMA mixtures was source dependent; for the non-moisture sensitive mixtures from
Alabama and Illinois, the liquid additives reduced their rutting resistance compared
to the non-treated mixtures.

4. The life cycle cost data for new construction projects revealed that the use of lime
in HMA mixtures resulted in significant savings, which in some cases were more
than 45%. The use of liquid anti-strip additives in HMA mixtures may result in
additional cost, which in some cases could be as high as 50%. The data generated
on the four mixtures from Alabama, California, Illinois, and South Carolina show
that lime is highly compatible with asphalt binders and will generally result in life
cycle cost savings in the order of 13-34%.

Natural Sands in Asphalt Mixtures

Natural sand can be defined as fine aggregates that are obtained from natural deposits
rather than from aggregate crushing operations. Natural sand generally has rounded
particles, excessive clay and organic materials, and when used in hot mix asphalt
(HMA), it tends to lower its resistance to permanent deformation (rutting). As such,
many highway agencies now limit the amount of natural sand in HMA for heavy duty
pavements in order to minimize rutting potential. However, the use of generic terms
such as natural or manufactured sand in specifications is not rational. It is the shape and
texture of these sands that actually determines the rutting resistance of the HMA mixes
in which they are used. There are some natural sands which are sub-angular rather than
rounded, and on the other hand, some crushed or manufactured sands are sub-rounded
rather than completely angular. There is a definite need to quantify the shape and
texture of the fine aggregate in order to specify in a more rational manner rather than
in a generic fashion (Shklarsky and Livneh 1964).

Shklarsky and Livneh (1964) completed a very extensive study of the difference
between natural gravel and crushed stone aggregates in combination with natural sand
and crushed stone fine aggregates. Several variables were studied, including the
Marshall stability and flow, resistance to moving wheel loading, resistance to
splitting, immersion compression strengths, permeability, and angle of internal
friction and cohesion as measured in triaxial shear. They reported that replacement of
the natural sand with crushed fines improves incomparably the properties of the
product, increases its stability, reduces rutting, improves moisture susceptibility
resistance, reduces bitumen sensitivity, increases the void ratio, and brings the
mixture (with gravel coarse aggregate) to the quality level of one with crushed coarse
and fine aggregates. On the other hand, replacement of the coarse material with
crushed coarse aggregate entails no such decisive effect (Kandhal et al. 1991).

Significant increases in stability were reported by Wedding and Gaynor (1961) when
using crushed gravel (CG) in place of natural gravel. They concluded that the use of
crushed gravel sand in place of natural sand is nearly equal in effectively raising
stability as the use of 25% CG in the coarse aggregate (Kandhal et al. 1991).

18



Maupin (1970) has reported a laboratory investigation of the effects of particle shape
on the fatigue behavior of an asphalt surface mixture. He used three aggregates: round
gravel, crushed limestone, and slabby slate. Constant strain mode fatigue tests were
conducted, and it was shown that the mixture containing round gravel had longer
fatigue life than the other mixtures (Kandhal et al. 1991).

A particle index value of 14 seems to divide the natural and manufactured sands when
using ASTM D3398. This value can probably be used for specification purposes when
ASTM D3398 is used. All manufactured sands except one exhibited higher particle
index values than 14, and all natural sands exhibited lower particle index values
(Kandhal et al. 1991).

The rutting resistance for 12.5-mm mixtures containing natural sand was greater than
that of mixtures with manufactured sand. But for 9.5-mm gradations, mixtures with
natural sand showed a reduced performance compared to the same mixtures containing
manufactured sand. In other words, certain amounts of natural sand could be used in
these mixtures without any significant effect on the rutting potential. However, the
TSR test results revealed that mixtures with natural sands are relatively more moisture
susceptible. An increase in thickness of 9.5-mm mixtures containing natural sand may
improve the fatigue life to a desired level.

19



Chapter 4 — Materials and Experimental Design

A work plan was prepared, in coordination with SCDOT officials, for a coordinated
series of laboratory experiments to assess the rheological and engineering properties of
mixtures made with alternate binders. In addition, the examination of engineering
properties of mixtures made with liquid ASAs and natural sands was included in the
plan in order to determine the effectiveness of most asphalt designs used by SCDOT
with and without modified binders. The plan provides specific information on and
justification for the above-mentioned areas of research including the following:

e Rheological property assessments of various alternate modified asphalt
binders in terms of various aging states;

e Assessment of mixture volumetric properties as well as engineering properties
(including moisture susceptibility, permanent deformation, dynamic modulus,
and flow number) for mixtures containing alternate modified asphalt binders.

e Assessment of compatibility of ASAs (lime and liquid ASAs) with alternate
binder modifiers

e Recommendations on the use of various alternate modified asphalt binders in
South Carolina

e Recommendations on the use of liquid ASAs in asphalt mixtures; and

e Recommendations on the use of natural sand in selected mix types in South
Carolina.

Alternate Asphalt Binder Modifiers: Binder Testing (Objective 1)

The objectives of this research were achieved through the completion of the following
tasks. A detailed flowchart of the full potential range of testing (prior to possible
selective sample reduction) is shown in Figures 4.1, 4.2, and 4.3. Any recommended
changes to evaluation procedures for alternate modified asphalt binders are provided to
SCDOT in this report. Based on recommendations from SCDOT, only two base binder
sources were used in this study.

e Study the high-temperature rheological properties of original alternate modified
asphalt binders. As not much is known about the properties of alternate modified
asphalt binders and how they behave under different stress conditions,
rheological testing of alternate modified asphalt binders was conducted before
using them in various mixtures. The testing plan is shown in Figure 4.1.

0 Rotational viscometer - AASHTO T 316

0 Dynamic shear theometer (DSR) — AASHTO T 315
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Figure 4-1 Rheological properties of alternate modified binders at Original state

e Study the high-temperature rheological properties of alternate modified asphalt
binders after rolling thin film oven (RTFO) aging procedure. This investigated
the effects of a short-term aging procedure on rheological properties of these
selected alternate modified binders. The testing plan was as per Figure 4.2.

0 Dynamic shear rheometer (DSR) — AASHTO T 315

0 Multiple stress creep recovery (MSCR) — AASHTO T350
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Figure 4-2 Rheological properties of alternate modified binders at RTFO state

o Study the intermediate- and low-temperature rheological properties of alternate
modified asphalt binders after RTFO and pressure aging vessel (PAV) aging
procedures. This investigated major effects of a long-term aging procedure on
rheological properties of these selected alternate modified binders. The testing
plan was as per Figure 4.3.

0 Dynamic shear rheometer (DSR) — AASHTO T 315
0 Bending beam rheometer (BBR) — AASHTO T 313.

O Multiple stress creep recovery (MSCR) — AASHTO T350
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Figure 4-3 Rheological properties of alternate modified binders at RTFO + PAV state

Alternate Asphalt Binder Modifiers and Liquid ASAs: Mix Design and Testing
(Objectives 1 and 2)

Mix designs were performed according to SCDOT procedures and specifications for
alternate modified mixtures using selected aggregate sources, selected binder sources,
hydrated lime and selected liquid ASAs. Two binder sources, two aggregate sources,
one lime source, two liquid ASA sources and two reclaimed asphalt pavement (RAP)
concentrations were selected based upon input from the Steering Committee. As shown
in Figure 4.4, the effects of alternate modified binders on mix design (VMA, VFA,
optimum binder content, etc.) as well as engineering properties (moisture susceptibility,
permanent deformation, dynamic modulus, and flow number) were investigated. Any
recommended changes to mix design and evaluation procedures for alternate modified
mixes and liquid ASAs are provided to SCDOT in this report. The following testing
procedures were used for all the mixtures.

e Moisture susceptibility (without freeze-thaw resistance) — AASHTO T 283

e Rut resistance — AASHTO TP 63 (APA) / AASHTO T 324 (HWT)
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e Dynamic modulus and flow number - AASHTO TP 79

e Dynamic modulus master curves - AASHTO PP 61
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I Iand II
(PG 64 -22) (PG 64 -22)

|
l | | I

[Elastomer] [Plastomer] [ PPA* ] SBS Terminal-blended
(control) GTR
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| |

4 N R
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4 N N
Hydrated LASAs

Lime land2 J

\

Mix Design

N 4
OBC MSG [ BSG ] VMA ][ VFA ]
\

Performance

\

Testing

Moisture | | | |

damage APA HWT AMPT Flow
(at 642C) (at 642C) (G*, frequency sweep) number

*Note: Use only 1 aggregate source

Figure 4-4 Properties of modified mixtures
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Natural Sands and Liquid ASAs: Mix Design and Testing (Objectives 2 and 3)

The effects of using natural sand in selected mixes were investigated. The effects of
liquid ASAs on these same mixtures were also investigated. Two aggregate sources,
one asphalt binder source, one binder grade (PG 64-22), one concentration of natural
sand (20%), one RAP source, two liquid ASA sources, and one hydrated lime source
were selected based upon input from the Steering Committee. Also based on the input
from the Steering Committee, testing was performed on samples made from mixtures
meeting Surface Type C and Surface Type B design requirements from SCDOT. For
the Surface Type C mixtures, 30% aged binder was used, and for the Surface Type B
mixtures, 25% aged binder was used. The angularity of the sand sources was also tested.
Any recommended changes to mix design and evaluation procedures for the use of
natural sands and liquid ASAs are provided to SCDOT in this report. The tests shown
in Figure 4.5 were included in this study.

o Fine aggregate angularity (uncompacted void content) - AASHTO T 304
e Moisture susceptibility (without freeze-thaw resistance) — AASHTO T 283
e Rutresistance — AASHTO TP 63 (APA) / AASHTO T 324 (HWT)

e Dynamic modulus and flow number - AASHTO TP 79

e Dynamic modulus master curves - AASHTO PP 61
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Chapter 5 — Results: Alternate Modified Binders

Introduction

In this section of the report, the results of various binder tests for different binder
sources and polymers are presented. In addition, the moisture susceptibility of
various mixtures using different aggregate sources and anti-strip additives are
discussed. The results of dynamic modulus and flow number tests of the mixtures
tested are also shown in this section. The engineering properties of the two aggregate
sources are shown in a later chapter of this report in Table 7.1. The mix designs from
this portion of the research are shown in Appendix A.

Binder Testing

Two binder sources were selected as base binders (PG 64-22, referred to as polymer 0
in this section of the report). One of the sources (A) is a Venezuelan source while
binder source B is a mix of several sources. Several polymers were used to modify
these binders. Polymer 1 refers to SBS binder obtained from the suppliers. These
binders contain approximately 3.5% SBS, by weight of the binder. Polymer 2 is a
plastomer that acts as a warm mix additive and as an anti-strip additive agent.
Polymer 3 is a plastomer-based material (similar to polymer 2), which is added at a
rate of 1-3% by weight of the binder. It is Ethylene-based (5,000-15,000 MW)
polyolefin polymer. For these two polymers, no butadiene is required or added to the
binders. Polymer 4 is a laboratory-prepared ground tire rubber (GTR) binder where
10% of crumb rubber (passing #30 mesh) was added to the base binder (PG 64-22)
producing a modified binder (PG 76-22). The crumb rubber was mixed at 800 rpm
for at least 30 minutes. Polymer 5 is a combination of SBS and PPA (Acid modified
binder). Polymer 6 is an elastomer. Polymer 7 is a terminally-blended GTR binder,
which was obtained from a source outside of the state (Florida).

There were a total of 16 binder combinations. All of these binders were tested using
various Superpave binder testing procedures. All testing procedures were conducted
according to the AASHTO, ASTM or SCDOT testing procedures. The viscosities of
all binders were obtained, and the results are shown in Table 5.1. The viscosities
were measured at three temperatures: 135, 150 and 165 C (AASHO T 316). The
results indicated that, in general, binder source A is more viscous than binder source
B. In general, ground tire rubber (GTR) binders, either lab-produced (A4 or B4) or
terminally-blended (TB), produced the highest viscosity values compared to all other
binders. The TB and lab-produced GTR binders produced approximately 25% and
20% higher viscosity values compared to SBS binders for binder sources A and B,
respectively. Figures 5.1 to 5.4 show the results of viscosity for all combinations
graphically. Figure 5.2 indicates that SBS binder for source A produced viscosity
values that were lower than the two GTR binders, the elastomer binder and the
PPA+SBS binder.
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Table 5-1 Viscosity Values of Various Alternative Binders

Binder Binder Source A Binder Binder Source B
fype 135°C 150°C 165°C fype 135°C 150°C 165°C
(c.p.) (c.p.) (c.p.) (c.p.) (c.p.) (c.p.)
A0 550.4 270.8 150.8 BO 435.0 210.8 125.8
Al 1620.7 810.8 429.2 Bl 1510.0 714.2 375.2
A2 697.5 335.8 186.7 B2 525.8 260.0 145.0
A3 629.2 311.7 170.8 B3 494.2 250.0 140.8
A4 2188.3 1061.7 558.3 B4 1870.0 960.0 488.3
AS 1816.3 841.7 4333 BS 1216.3 556.7 271.5
A6 1911.7 865.0 465.0 B6 1685.0 625.0 325.0
TB** 2140.7 1044.3 575.8 TB** 2140.7 1044.3 575.8

Notes: 0~Control (PG 64-22); 1~SBS; 2~Plastomer 1; 3~Plastomer 2; 4~Lab-blended 10% GTR;
5~PPA+SBS; 6~Elastomer; TB**~Terminally-blended GTR from Binder Source C
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Figure 5-2 Viscosity Values of Binder Source A with Various Alternative Modifiers
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The high failure temperatures of all binders were measured according to AASHTO T
315 testing procedures and the results are shown in Table 5.2 and Figures 5.5 and 5.6.
The results in Table 5.2 indicate that base binder source A has a higher high failure
temperature than binder source B. All of the binders, except the lab-prepared GTR
binder with source B, produced a PG 76-22 binder after the modifications with
various modifiers. TB binder produced the highest high failure temperature compared
to all other binders, regardless of the binder source. The statistical analysis of the
differences between different binders is shown on each graph. If there is no
statistically-significant difference between two binders, the same letter (lower case) is
used. For example, Figure 5.5 indicates that, statistically, there are no differences
between polymer 1 (SBS) and polymer 2 (a plastomer) when considering the high
temperature failure of binder source A. However, considering binder source B, the
same binders produced statistically different results. The results of phase angle of all
binder combinations are also shown in Table 5.2. In general, the phase angle of TB
binder was the lowest among all binders, regardless of the binder source. The highest
phase angle value for both sources was the base binder (PG 64-22). The phase angle
results for binder sources A and B are shown graphically in Figures 5.7 and 5.8,
respectively.
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Table 5-2 Failure Temperatures and Phase Angles of Binders with Various

Modifiers
Binder Binder Source A Binder Binder Source B
Type Type
Phase angle
Failure Phase angle Failure temp. (degree) at
temp. (°C) (degree) at 76°C o) 76°C
Std.
De Std. Mea Std. Std.
Mean V. Mean Dev. n Dev. Mean Dev.
A0 68.8 04 85.0* 0.1 BO 66.4 0.4 86.7*% 0.1
Al 78.7 0.1 71.9 0.1 B1 77.9 0.2 71.9 0.1
A2 78.7 0.5 80.8 0.4 B2 81.2 0.1 75.4 0.5
A3 80.7 0.1 72.4 0.4 B3 81.5 0.4 71.0 0.3
Ad 77.1 0.1 84.8 0.2 B4 75.7 0.1 83.6 0.2
A5 80.3 0.1 78.8 0.0 B5 79.0 0.5 78.2 3.2
A6 77.8 0.1 80.4 0.0 B6 78.2 0.1 76.0 0.2
TB** 82.8 0.0 71.5 0.1 TB** 82.8 0.0 71.5 0.1

Notes: * ~Test at 64°C; 0~Control (PG 64-22); 1~SBS; 2~Plastomer 1; 3~Plastomer 2; 4~Lab-
blended 10% GTR; 5~PPA+SBS; 6~Elastomer; TB**~Terminally-blended GTR from Binder Source C
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The G*/sin 6 values of binder sources A and B are shown in Figures 5.9 and 5.10,
respectively. The TB source produced the highest G*/sin § values compared to all
binder combinations. As expected, the virgin base binders produced the lowest values
of G*/sin §.
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Figure 5-9 G*/sin & of Binder Source A with Various Alternative Modifiers
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Figure 5-10 G*/sin 6 of Binder Source B with Various Alternative Modifiers

35



The high-temperature rheological properties of alternate modified asphalt binders
after completing the rolling thin film oven (RTFO) aging procedure were investigated.
This phase of the research project investigated the effects of a short-term aging
procedure on rheological properties of alternate modified binders using the testing
procedures described in AASHTO T 315 (DSR) and AASHTO T 350, the multiple
stress creep recovery. Table 5.3 shows the results of the failure temperature and
phase angle of the modified binders after RTFO aging.

The failure temperatures of binder sources A and B after the RTFO aging process are
shown in Figures 5.11 and 5.12, respectively. For binder source A, the results
indicate that binders containing polymer 1 (SBS) and polymer 4 (lab-blended GTR)
produced the highest failure temperatures. However, for binder B, polymers 1 and 6
(elastomer) produced the highest failure temperatures. The statistical analyses
indicate that there are statistical differences among the modifiers.

G* and 6 are used as predictors of HMA rutting and fatigue cracking. Rutting is a
concern in early years of the pavement life; however, in later years, fatigue cracking
becomes a major concern. An asphalt binder should not deform too much (i.e., should
be stiff), but should also be somewhat elastic.

Therefore, the complex shear modulus elastic portion, G*/sind (Figure 5.6), should be
large. When rutting is of greatest concern (during an HMA pavement’s early and mid-
life), a minimum value for the elastic component of the complex shear modulus is
specified. Intuitively, the higher the G* value, the stiffer the asphalt binder is (able to
resist deformation), and the lower the & value, the greater the elastic portion of G* is
(able to recover its original shape after being deformed by a load).

The G*/sin 6 of binder sources A and B binders are shown in Figures 5.13 and 5.14,
respectively. In addition, the phase angles of these binders are depicted in Figures
5.15 and 5.16. The results of the multiple stress creep recovery (MSCR) testing are
shown in Figures 5.17 to 5.20. This test provides a more accurate indicator of rutting
performance of a typical binder. The major benefit for this test is that it eliminates
other testing procedures designed to indicate polymer modification to an asphalt
binder (e.g., elastic recovery, toughness and tenacity, force ductility, etc.).
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Table 5-3 Failure Temperatures and Phase Angles of Binders with Various

Modifiers, RTFO Aged

Binder Binder Source A Binder Binder Source B
Type Type

Failure temp. Phase angle Failure temp. Phase angle

O (degree) at 76°C °C) (degree) at 76°C
Std. Std. Std. Std.

Mean Dev. Mean Dev. Mean Dev. Mean Dev.
A0 74.3 0.0 79.5% 0.1 BO 70.6 0.4 86.7* 0.2
Al 85.4 0.1 65.1 0.2 B1 82.0 0.7 61.5 0.3
A2 83.2 0.8 76.0 0.8 B2 75.3 1.9 77.5 2.3
A3 82.6 1.6 76.0 0.5 B3 78.0 0.4 77.3 0.1
A4 85.6 0.7 62.4 0.7 B4 78.3 0.8 66.9 0.2
A5 80.8 0.1 71.2 0.2 B5 79.0 0.3 69.9 0.5
A6 78.4 0.2 74.9 0.0 B6 83.9 3.5 64.9 1.9
TB** 78.3 0.8 67.9 0.2 TB** 78.3 0.8 67.9 0.2

Notes: * ~Test at 64°C; 0~Control (PG 64-22); 1~SBS; 2~Plastomer 1; 3~Plastomer 2; 4~Lab-
blended 10% GTR; 5~PPA+SBS; 6~Elastomer; TB**~Terminally-blended GTR from Binder Source C
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Figure 5-11 Failure Temperatures of Binder Source A with Various Alternative Modifiers,
RTFO Aged
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Multiple Stress Creep Recover (MSCR) Test Results

In this study, the multiple stress creep recovery (MSCR) test is used to characterize
the rheological properties of various asphalt binders after a short term aging process
(RTFO). This test covers the determination of percentage recovery and non-

recoverable creep compliance of asphalt binders by means of the MSCR test, which is
conducted using the DSR at a specified temperature. The percentage recovery value is

intended to provide a means for determining the elastic response and stress
dependence of polymer-modified and unmodified asphalt binders.

In this study, two testing temperatures of 64°C and 76°C were used to test PG 64-22
and PG 76-44 (polymerized binders) according to AASHTO T 350. The test results
are shown in Tables 5.4 and 5.5. The testing showed that the PG 64-22 binders
(unmodified binders) generally had a lower recoverable creep compliance compared
to the modified binders. In addition, various modified binders generally had different

recoverable creep values regardless of binder source and test temperature. In general,

the SBS-modified PG 76-22 binders exhibited the highest recovery percentage.
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Table 5-4 MSCR data results of various binders after RTFO aging at 64C

(a)
Binder type 100Pa 3200Pa Difference
Average creep End. strain Average Percentage Average creep  End. strain Average Percentage %)
strain recovery strain recovery (%) strain recovery recovery
A0 0.1229 0.1085 0.0143 11.7 0.1321 0.1276 0.0044 3.4 83
Al 0.0415 0.0160 0.0255 61.4 0.0426 0.0177 0.0249 58.5 2.9
A2 0.0381 0.0207 0.0174 45.8 0.0456 0.0359 0.0097 21.2 24.6
A3 0.0524 0.0353 0.0171 32.7 0.0585 0.0501 0.0084 14.3 18.3
A4 0.0325 0.0131 0.0194 59.8 0.0345 0.0174 0.0172 49.7 10.1
A5 0.0362 0.0228 0.0133 36.9 0.0498 0.0366 0.0132 26.6 10.3
A6 0.0796 0.0518 0.0277 349 0.0848 0.0622 0.0226 26.6 8.2
TB 0.0713 0.0311 0.0402 56.4 0.0741 0.0378 0.0364 49.1 7.4
(b)
Binder type 100Pa 3200Pa
Average creep End. strain Average Percentage Average creep  End. strain Average Percentage Difference
strain recovery strain recovery (%) strain recovery recovery (%)
strain (%)
BO 0.2034 0.1884 0.0150 7.4 0.2211 0.2183 0.0028 1.2 6.1
Bl 0.0482 0.0142 0.0340 70.6 0.0452 0.0137 0.0315 69.7 0.9
B2 0.0713 0.0448 0.0265 37.1 0.1248 0.1111 0.0137 10.9 26.2
B3 0.0534 0.0347 0.0187 35.0 0.0636 0.0531 0.0106 16.6 18.4
B4 0.0412 0.0149 0.0263 63.8 0.0429 0.0174 0.0255 59.4 4.4
B5 0.0571 0.0284 0.0286 50.2 0.0592 0.0366 0.0226 38.2 11.9
B6 0.0599 0.0197 0.0402 67.1 0.0636 0.0291 0.0345 54.2 12.9
TB 0.0713 0.0311 0.0402 56.4 0.0741 0.0378 0.0364 49.1 7.4
Table 5-5 MSCR data results of various binders after RTFO aging at 76C
(a)
Binder type 100Pa 3200Pa
Average creep End. strain Average Percentage Average creep  End. strain Average Percentage Difference
strain recovery strain recovery (%) strain recovery recovery (%)
strain (%)
A0 0.5180 0.4960 0.0220 4.2 0.5883 0.5868 0.0015 0.3 4.0
Al 0.1358 0.0678 0.0679 50.0 0.1581 0.1098 0.0483 30.5 19.5
A2 0.2016 0.1409 0.0607 30.1 0.3125 0.3048 0.0077 2.5 27.6
A3 0.1864 0.0973 0.0891 47.8 0.3302 0.3238 0.0064 1.9 459
A4 0.1239 0.0770 0.0469 37.8 0.1502 0.1262 0.0239 15.9 21.9
A5 0.1981 0.1472 0.0510 25.7 0.2578 0.2413 0.0165 6.4 19.3
A6 0.3037 0.2313 0.0724 23.8 0.3673 0.3315 0.0358 9.8 14.1
TB 0.2863 0.1475 0.1388 48.5 0.3353 0.2723 0.0629 18.8 29.7
(b)
Binder type 100Pa 3200Pa
Average creep End. strain Average Percentage Average creep  End. strain Average Percentage Difference
strain recovery strain recovery (%) strain recovery recovery (%)
strain (%)
BO 0.8648 0.8395 0.0254 29 0.8860 0.8861 0.0000 0.0 2.9
Bl 0.1623 0.0583 0.1040 64.1 0.1459 0.0719 0.0740 50.7 13.4
B2 0.5006 0.3544 0.1462 29.2 0.8015 0.7926 0.0089 1.1 28.1
B3 0.3015 0.1948 0.1067 35.4 0.4629 0.4560 0.0069 1.5 339
B4 0.1311 0.0646 0.0665 50.7 0.1472 0.0998 0.0474 322 18.6
B5 0.2542 0.1511 0.1031 40.5 0.3236 0.2661 0.0575 17.8 22.8
B6 0.1972 0.0921 0.1051 533 0.2140 0.1279 0.0861 40.2 13.0
TB 0.2863 0.1475 0.1388 48.5 0.3353 0.2723 0.0629 18.8 29.7
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Rheological Characteristics of PAV-Aged Binders

The modified binders were also subjected to a long-term aging process in the
laboratory using a pressure aging vessel (PAV). G* sin & and phase angle values are
shown in Table 5.6 and Figures 5.21and 5.22. In according with the specification, PG
64-22 and PG 76-22 binders were tested at 25°C and 31°C, respectively. All G* sin 6
values were less than 5,000 kPa and thus satisfied the requirements of the PAV
specification.
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Table 5-6 G*sin 0 and Phase Angle Values of Binders with Various Modifiers,

PAV Aged

Binde Binder Source A Binde Binder Source B
r Type r

G*sin & Phase angle Type G* sin 9 Phase angle

(kPa) at (degree) at (kPa) at (degree) at

31°C 31°C 31°C 31°C
Mean  Std. Mean Std. Mean  Std. Mean Std.

A0 1972 233 50.1% 0.0 BO 2375 7 46.2% 0.4
Al 767 93 53.1 0.0 B1 1858 130 43.8 0.8
A2 1255 19 50.2 0.1 B2 1854 288 43.7 0.0
A3 1146 59 49.7 0.1 B3 2028 170 40.4 0.2
A4 955 33 47.0 1.2 B4 661 7 53.2 0.0
AS 1052 65 46.8 0.4 BS 1217 126 42.3 0.1
A6 736 4 53.9 0.1 B6 752 14 49.6 0.2
TB** 782 126 48.9 0.2 TB** 782 126 48.9 0.2

Note: *~test at 25°C; 0~Control (PG 64-22); 1~SBS; 2~Plastomer 1; 3~Plastomer 2; 4~Lab-blended
10% GTR; 5~PPA+SBS; 6~Elastomer; TB**~Terminally-blended GTR from Binder Source C
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The binders were also tested with the bending beam rheometer (BBR) at -12°C, which
covers the determination of the flexural creep stiffness or compliance of asphalt
binders. The test results are shown in Table 5.7. It can be noted that all m-values of
binders from binder source A were greater than 0.3, the minimum values set by the
specification. However, the modified binders from binder source B containing
polylmers 2 and 3 (both plastomers) had m-values less than 0.3, which indicates that
they may not exhibit favorable long-term performance. Some other studies to
characterize the long-term performance may be needed.
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Table 5-7 Deflection, stiffness and m values of various alternative binders at -
12°C after PAV aging

Binder source A

gi:)leder Deflection (mm) Stiffness (Mpa) m value
Mean Std. Mean Std. Mean Std.
A0 0.50 0.06 158.0 17.0 0.355 0.004
Al 0.58 0.02 137.5 4.9 0.355 0.003
A2 0.40 0.01 202.0 2.8 0.334 0.011
A3 0.52 0.10 155.0 325 0.345 0.008
A4 0.57 0.05 139.0 12.7 0.328 0.003
A5 0.48 0.05 168.0 15.6 0.328 0.003
A6 0.46 0.03 174.0 9.9 0.336 0.025
TB 0.71 0.03 132.0 354 0.331 0.004
Binder source B
BO 0.48 0.07 165.0 24.0 0.314 0.001
Bl 0.38 0.01 206.5 3.5 0.303 0.002
B2 0.36 0.04 220.5 27.6 0.273 0.003
B3 0.37 0.03 218.0 19.8 0.278 0.011
B4 0.41 0.02 181.5 7.8 0.320 0.002
BS 0.53 0.03 151.5 7.8 0.308 0.007
B6 0.47 0.01 169.0 7.1 0.328 0.007
TB 0.71 0.03 132.0 354 0.331 0.004

Note: Std. ~ Standard deviation; 0~Control (PG 64-22); 1~SBS; 2~Plastomer 1; 3~Plastomer 2;
4~Lab-blended 10% GTR; 5~PPA+SBS; 6~Elastomer; TB**~Terminally-blended GTR from Binder
Source C

Moisture Susceptibility

For this phase of the research project, the moisture susceptibility of several mixtures
was investigated. The anti-strip additives (ASAs) used included the following: lime
(a0), liquid ASA 1 (al) and liquid ASA2 (a2). In addition, two aggregate sources
(sources I and II) were used to determine the effects of the aggregate source.
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Aggregate source II is known to be a strip-prone aggregate, while aggregate source |
is known to be a strip-resistant source. The mixtures were prepared with several
different modified binders. The modified binders included SBS (0), a plastomer (1), a
terminally-blended GTR binder (2), a lab blended GTR binder containing 10% crumb
rubber (passing #30 mesh) (3) and an elastomer (4).

Table 5.8 shows the results of dry and wet ITS as well asTSR values for several
mixtures made with aggregate source I and either hydrated lime or one of the two
liquid ASAs. The modifiers used in the mixtures made with aggregate source |
included SBS, a plastomer, a terminally blended GTR, a lab blended GTR, and an
elastomer. The results indicate that the mixture made with SBS containing hydrated
lime produced the highest dry and wet ITS values. However, the mixture containing
the lab-prepared GTR and hydrated lime produced the highest TSR value. The
mixtures containing terminally-blended GTR and liquid ASAs 1 and 2 produced the
second and third highest TSR values, respectively. All